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F‘OREWORD

Thxs report was prepared by Batielle Memorial Institute, Columbus,
Ohio, on Contract No. AF 33(038)- 8682, Rescarch at Battelle Memorial
Institute vas initiated as a project of the Mitle/_nals Laboragg_r)', Research

: vax-non, Wrxght-Patterson Air Force Base, with Mr, L D Rlc‘xardson

as Project Eng*neer _ _ : ‘ =

This report is the Third Annual Repecrt covermg the pcnod 21 February
1952 to 21 February 1953. Research conducted during previous periods
appears in Air Forﬂe Technical Reports No, 6512 and No, 52-67,

Tbe authors wish to thank M, C, Brockway for his aid in the mathe~
matical treatment of the data and F. J. Buffington for his help in des:gmng
and carrying out the experiments,
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ABSTRACT

The factors inﬂuencmg the fracture of brittle ceramic materials were
studied; the effects of size and stress state ware given primary censidera--
tion. In addition, initial consideration was ngcn to the effects of strain rate

The atrength of plaster of Paris was fcund to decrease with an increase
of size in the simple stress statea of tension, comprcsaxon bending, and’ tor-
sion. Initial analyses indicated that We1bu11's statistical theory of strength
could be used to prediét the observed effects of size and stress state on the

The effects of cornmned stresses on the fracture strength were studied .
by means of tests conducted on cylinders of plaster subjected to internal
pfessure and axial loading. Initial anzlyses of data from these combined~

thzory of thick-walled cylinde- s,

. The effect of superposed bending stresses on tension-test data was
analyzed using Weibull's theory. This analyais indicated that superposed
bending’ strcsses should increase the observed tensile strength of a britile
matezial. K Teasion data on plnster ngreed cuahtatxvely with this prediction.

Analysis of the stnndard compressxon test indicated that fracture data
from this type of test were unreliable and that the standard compression test’ o
could not be uszd in a research program where precue quantitative fracture
data wers required,

Exploratory studies were made of the effect of varying the strain rate
or the stress rate éz_x the fracture of plaster of Paris, These studies indi-~ ) i
cated a decrease of fracture stress with increased rates of loading, aa effect’ }
opposite to that reported in the literature for other brittle materials, The
relation between the effects of rate of loading and stresa duration (static
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INTRODUC TION

In this age of gas turbines and jet engines, the ceramic ' component
offers the solution to many of the pr()blema of the aircreft deeigner, How-
ever, the techmca\ and economic bencfits indicated often cannot be realized
because the ceramic materials are brittle. Corrective measures are frus-

. trated by the absencé of any a: :cepied theory of brittle fracture, or even
working equations for designing pd"t.& of brittle materials,

‘ The ultimate aim of this im)es—tig-atibn is to furnish a clear understand-

"ing of the fracture of ceramic bodies, and, if possible, to determine quanti-

tative definitions of the resistance to fracture in tzrms of external variables,

. Among the fracture phenomena to be considered are the following:
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I. The effect of stress state on fracture strength
2. The effect of size' on fracture strength

3. The eifect of the rate of stressing on ‘racturc strength '

3, - The ..ffcct of temperature on fracture atrength : : , ; 

The lmowledge of the mechanical behavxor of ceramica i6 not susfi-
ciently advanced to permit conszdermg this list as complete, As the re-
search progresses, the effects of other fracture vs-rxablez probably will '
require con.uderanon. : :

CABSBIC&IIY‘ therc are two. approac‘xet to the problem of the sirength
of materials. The older, the phenomenologlcal approach, attempts to
describe the reaction of ',a sclid to its external environment. All of the .
phenomenological theeriés sszume homogereity and isotropy of the material,
and the criteria which these theories set up are based on relstiuns of stress
‘and streain evolved from the classical theory of elasticity. All of these phe-
nomenoloycat theéories take into consideration only one variable, stress

" state. In generri these theories place no restrictions on the nature of the

material to which they arc to be applied. As a result, no single phenome-

nological theory has been found to he applicable to zil materlals or to all .
conditions of failure,

The second approach to the problem of the strengt> of materials is
mechanistic in nature. Here, streagth properties are analyzed from the
"point of view of what makes the material fail, These theories are concerned
with the fact that materials may fracture at stresses 100 to 1000 tiines less
than their theoretical fracture strength, As a result, all of these thzories
assume, tacxtly cr otherwise, the preseace in a materlal of "flaws" of such
a naturc as to cause this reduction in strength., Although the mechanistic
theories postulate 8 mechanism of fracture, they still require an assumption

~of a criterion for fracture, as de the phc*mmenologlcal theories., Fracture.

still'is considered to occur at some condition of stress or stram. nev‘-rthe-
fess, the mechanistic theorxes have the advantage ~f provxdm,‘ a qualxtanve

o pxcture of fracture phenomena.

In‘this ihvestiggtion, the approach to 'thg problem of the str_ength of
ceramics has been tc analyze fracture data in the light of all existing theo-

‘r’i-cs, phenpmhenoldgicai_ and mechanistic, It is possible, however, that no

existing theory can be found which satisfactorily predicts the strength of a
ceramic body under varying conditions, Then a new and unified theary of
strength would be in order; however the development of such a broad theory,
if it were to be worth while, probably would reguire exhaustive effort. As
ar alternative, empirical expressicns might be developed which would fur-
nish design dazta for particular materials under specific conditions, In any
event, whern all these factors have been considered, an effort will be made

to establxsh 2 method by which aircraft designers can determine reliably

the design s.rength of ceramic components under operating conditions.
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In this investigaticr., the approach has been to study the fracture prop-

erties of ceramics as a class of materials; that is, to study the phenomena of

brittle fracture. Mo atternpt has been madc to study the fracture properties.
of any one ceramic material with the view of obtaining practical design data.
Far too iittle is known at this time about the effects of external variables on
the brittle fracture o{ ceramics to warrant auch a study,

Of 'pfima_ry concerh in ael-ectin'g materials for this inv'estigat_iori have
been the factors: : ' :
1, Vchi‘odu‘cibility’ from body to body _A
. - Homogeneity and isotropy

Easé of fabiication

.:-.'5» Y]

. Lack of plastic flow prior to fracture ~

The ob)ectr'es o[ this mveztxgation require maximur control of all possxblr
variables at all times. Although control is of paramount interest in the

ﬁelecnon of materia;a, potentiel” utility in aircraft iz aleo of interest, How=-
ever .such utility becomr > secondary in this fundar*‘ﬂntal study to the prob—

lcxns of d°termmmg the exfects o‘ external variables on fracture.

During the periocd covered by this report the approach haa been to.
determine the individual effects of certain external variables on the fracture
strt_ngth of plaster of Paris, and to detcrmme how each observed effect
correlates with existing theory. Plester was used in accordance with the.
above discussion, 2s an xperimental material from which to gain insight
intb the fracture phenomena of britile ceramics,  Also; the use of plaster in
the -early stages of cach e\cperimental phaue will result in an ‘.pprccmble

saving of time and money.

By. its v'ery 'naturé ‘this problem is a very complex one; yet the solu-

. tion will provxdc the lfey to the utilization of ceramic materials in modern

aircraft; The margin of erreor between the operating strength of a ceramic
body and its predicted desxgn strength must be reduced if ceram'cs are to be -
conmdercd sa{e {or prarncal apphrt\tion in aircraft,

Research on this problem was initiated at Battelle Mamorial Institute
in Oc1ober, ;9-30 on a subcontract under Contract No. W 33-038 ac 14105
between the Air Force and the RAND Corporation, The resecarch was as-

' sumed by B. ttelle imder direct Ailr Force sponsorshxp durmg November, 1949,

The_research conducted for the RAND Corpdration is covgred in RAND
Peeport R-209, ""Mechanical Properties of Ceramic Bodies", dated 31 August
1950. The bulk of thiz research was with porous and nonporous specimens of.
of a silicate porcelain. A correlation was obtained between elastic proper-

ties from room-temperature compression, torsion, and bend tests. - The
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effect of porosity upon elastic-moduli data was studied. Obscrved fracture
phenomena couid be explainpd quahtstwely to some ex'ent on the bagis of a
,u.d.w—l.,'pt. mcchanism of [racture.

10 - bk e veb & i e L s T
M 3 W

; o - Research for the first year of dxrect Air Force sponsorship, from
i 18 November 1949 to 18 November 1950 is covered by AF Technical Report
] C No. 6512, April 1951, ‘This work was limited to K151A, a nickel-bonded
' - tivanium carb de product of Kennametal, Incorporated. Althcugh this mate~

_ rial exhibited slight plastic flow 'n compression, bending;~and torsion at
3 room temperature, the mode of fracture was that normazlly found in brittie

'Ceramics. However, résearch revealed the reproducibility and the homo-~
~'geneity of K151A to be so poor that any atternpt at quantitative corrclatxon of
N - fracture data was futile. Nevertheless, the data of this period, as in the
o previous period, indicated that a flaw-type mechanism offered the most
hkely basis for developmg correlations,

7.

Rcsea1 ch for the second year of direct Air Force Sponsorshlp from

18 November 1950 to 22 March 1952 is covered in WADC Technical Report
No. 52- 67, dated &2 March 1952, During this period, partxcular ¢ttentxon
wag given to the effect of size on fracture strength usmg beud-tests on plas-
ter of Psris. Such work was considered .essential to cvaluatmg and develop-
ing theories {rom a Taw- type mechanism of fracture. As an importart
concurrent effort, a cntical survey was undertaken of the principal phenome- '

4 m,logxcal and mechanistxc taeones of strength, !

. ff""

bl A s e on i

The prese'nvt-report covers the research conducted during the third ' '&g
‘'year of direct Air Force sponsorship from 21 February 1952 to 21 February

1953, During this period, research was conducted on the effccts of size, _
stress state, strain rate, and temperature on fracture phenomena, utilizing H

" data obtained principally from tests conducted on plaster of Paris.

o bt B e it 5 S i e LS

SUMMARY

The results of the research of this period have indicated that certain

SRR ’ " statistical theories of strength, particularly Weibull's theory, may be used

. to correlate fracture data from brittle ceramic materials. If these indica-

_ tions are valid, then it may now be possible to design, with confidence,
ceramic parts for aircraft, A most important consequence of the year's
work is the conclusion that cerarnic materials should not be selected for
desxgn ou the basis of the highest riean fracture strength. A more realistic

d rafe criterion for selection is a '"safe" strength, a strength below which

there is no chance that ceramic parts will fail,

it

5 A o KB it it ca e
ot e

. The results of this period have not confirn-ad the validity of Weibull's
theory or of any other statistical theory, but the results of the research have

o

X

L%

et - i T ermae =

5 showa conclusively the importance of the statistical analysis of test data.
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The results of the research into the effect of stress state on fracture
have shown that guch an eifect exists in ceramic materials, In essence,
**is means ithat the ceramic engineer must use care in designing with test
data. -Strengths determined {rom the bend test cannot be used to design a
ceramic part to be loaded a tensicn; and vice versa, unless the relation is
known beiween the tensios and bend strengths for thc ceramic in question,
For example, if the material was u typical ceramic, similar to plaster, the

mean strength in tension is about 3/4 of that in be..dmg and 0, 83 of that in -
torsion. - :

In addition, this research has indicated that the size of a structure in-
fluences its deszgn. Spemﬁcally, it was found that the larger a ceramic
structure, the lower must be its desiga strength. This research indicates
that the testmg of ceramic models to determine the design strength of ce~-
ramic pro'otypes may not be reliable where there are large variations

between the size of the model and thc pro;otype unless the quantitative effects
of size are known.

The research of this period has also produced indicatioas that the rate
at which a load is applied to a ceramic structure may affect the magniiuzde
of the load it can withstand before fracture. This means that the ceramic
designer must consider the effects of ahock thermal and mechanical, and -

" of dynamm loading.

It is felt tbat a8 new era in the design of ceramic structures has been
entered during the past year, an era in which the ceramic engineer no longer
will follow the classical theories of strength so uaeful in metal design, but
will be guided by design criteria apphcable to brittle materials.

EX 1'*“"RIMEN'I‘A L MATERIAL&

The selection of materials suitable for investigation has been one of
the more difficult problems of this research. As pointed out earlier, re-
producibility from specimen to specimen is essential to proper control of
the tests. Specimens must be relatively free of macroscopic flaws, such as
cracks, voids, or mclusxona for these hsve been found to render fracture

“data so unrelxable as to be of little value, Also the material must be rep-

regentative of ceramic materials., The ease of I_a‘srxcation and .ae cost of a
material are also of importance, since the research, of necessity, demands

the testing of large numbers of specimens of widely varying design,
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An 1dea1 matemal has not been iound; however a number of matenals
cen be utilized saccessfully to carry out various phases of the research.
ADL.rlnﬂ this year, the greater portion.of the research was rnndnmpd on ' ‘ :
plaster of Pana.l Additional experiments have been conducted on specirnens
of porcelain and on specxmens of nickel~ bonded txtamum carbide, '

3 ] - » o "P‘lastex" - ' o i

PR RII

: laster specimens tested during thiy period were fabricatéd from : ;
' _Hydrostone plaster, a product of the United States Gypsum Company. Hydro-
stone specimens were prepared by adding 1500 grams of the powder to 550

o

[Py

} " o grams of distilled water, The resulting slurry was placed in an evacuating
T ' system and mixed for five minutes at a pressure of | inch of mercury abso- . ]
5 I lute, Muung in a vacuum helpcd to insure a uniform air-free mixture, ’ §
¥ " ' Then the slurry was poured into polished Lucite molds and the plaster was
£ allowed to harden.’ After the plaster had set {ahout 30° mmutes), the speci- i
;) mens ‘were removed from the mold and were placed in a dryer at 110 F antil !

1 the 14th day after casting. All Hydrostone plaster specimens were tested
). on the l4th day after casting,

TR

~
2
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g Plaster has provea to be a very useful material in this research, as

’g plaster specimens are inexpensive and easily fabricated. Although the prop-
) erties of plaster are sensitive ti. changes in conditions of preparation and
curing, specimens with uniform properties can be prcduced if proper control
is exercised, '

!

}

!

{ ' A . , i

g - A chemical analy sis of plaster taken from speécimens used in this in- i

i ' : vefstig_ation showed the following approximate componsition: ’

é Constituent Per Ceunt of Composition -
CaSO4 , 50.7 }
: - . §i0, ~ ' 0.5
S - A0y 0.2 - I

MgO ’ 0.5
H,0’ | 19.5 1
MnO, Sr0O, e, Cu Trace
Specimens of this composition have been used in this investigaticn to ' -2
“study the effects of size and stress state on fracture phenomena. Specimens
of plaster cannot be used to study the effects of temperature on brittle frac- }
turc, since the properties of plaster as a hydrated material, are affected -
adversely by temperature. , ‘ 1
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Porcelein
A s e——

A high- alurmna porcelain, & sparlr plug porcelam manufactured by the .

Champion Spark Plug Company of Detroit, Mi_ higan, also was used to study
the effects of size and stresa state on fractu.re phenomena. This porcelain -
is a very carefully controlled ceramic product, and initial tests of specimens

fabricated from this material heve indicated a high degree of homogeneity

and uniforrmity, All the porcelain specimens used in thia mvestxgatmn were

fabricated by the manufacturer, who exércised the utmost care in fabrication.j ’

Theae Specimens are prepared frox powders which are ground and
spray dried. Then the dry powders are poured into rubber molde and cold
precsed into blanks. The resulting blanks are grourd to shape and then fired
in a hanging positi-n at a t_empex_‘a»ur_e of about 3000 F. The specimens
shrink tc their final form in the firing process. The specimens used in this
investigation were not ground after firing, but were tesied as fired.

Nickel-Bonded. Titanium Carbide

During this period, =z few tests were conducted on torsion specimens
of a nickel-bended titanium carbide body to study the effect of temperature
on fracture streéngth, This material is a product of Kennametal, Incorpo-

.rated, and is known as K151A, KI15iA has a nickel content of 20 per cent

and a specific gravity of 5,8, The specimens used during this period were

- fabricated by Kennam.tal, and had been finish ground,

. This material, wh1ch was uscd in the earlier stages of this investiga-
tion, has been dnscussed in detail in AF Technical Report No. 6512 and
WADC Technical Report No. 52-67, KI151A ia of immediate practical value
to the aircraft desigm-r because it posscsses the physical and mechanical

, oropertxes which are desirable for ‘high- temperature engine parts. However,

during previous states of this investigation, it was found that K151 A has two

_undesirable characteriatics which reduce its value for the invesuigation of

fracture p‘xenomena. It exhibits significant plastxc flow prior to fracture,
even at room temperature, so that it is not an 1deally brittle material, and
it has been found to contain ob_)ectmnable defects or flaws, which have tended
to invalidate the fracture data. . In addition, specimens of this material are
quite expensive; therefore, uatil such time as the undesirable qualities of
this material are correctcd K151A is not considered a profitable material
for use in this mvestigation.
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THE EFFECT OF £1ZE ON MECHANICAL PROPERTIES

For many years, the failure of materials has been studied from the
point of view of the classical theory of elasticity. The resulting theories
for the failure of materisls were all based on the assumption that materials
are perfectly homogeneous i.e., that the intrinsic properties of an ‘elemen-

" tal volume of a body are identical to the properties of every other element

in the body. This assuroption leads to the conclusion that th.2 gross proper-
ties of a body are the same &s ithose of its elements, regardless of the size
of the body. As a result, these classical theories of failure predict that the "
strength of a bedy is that of its elements and, hence, that all bodies of a_
maierial should have the same strength. Thxe predxchon of uniqueness of
strength is not supported by experimental data, Not orly do experiinents
conducted on nominally identical specimens reveal a variation in fracture

“strength, but tests conducted on sDecxmcna of different sizes reveal a varia-

tion of fracture sti ength This apparent effect of size on fracture strength
has heen observed in a large number of tests on specimens o’ brittle mate~
rials such as glass (1, 2, 3) laster of Paris(4, 5), rock salt(6 ' crystalline
minerals(?) 7), cast iron! (f 10), porcexain(“), and steel at 1ow tempera=-
cares(12), + | . | |

The phenom=nological theones mentioned earlier belong to the classi-
cal group of theories that predict a unique fracture strength of a material,

"As a result, these phenomenological theories fail t to predict the effect of
_Bize on fractc.re strength observed in brittle materxals.

The mechanistic theories which are based on the flaw concept of frac-
tu;e do predict that the strength of a body may vary with its physical size,
The statistical theories of strength, in particular, predict an effect of size
on the fracture strength of a materizl. The fundamental hypothesis of these

theorj_es is that materials are we'akened by the presence of very small '"flaws"
or localized stress concentrations in their structure. According to this con-:

cept, there will be a certaii probability that fracture will take place ina
stréssed unit of material containing these flaws. This probability is expected
to be a function of the average level of the stress in the unit and of the physi-
cal size of the unit, Consequen'ly, this concept has led to the prediction

that the obsérved fracture stress of a material should decrease with size,
and that the standard deviation of the strength of a number of specimens
should decrepse with an increase in size, Since the strengths of certain

‘ceramic materials have been observed to vary with size, it would be profit-

able to initiate the stndy of the fracture of such materxals by a study of size

effects. Such an effort was undertaken during the pejriod of this report.

Although determmxng the nature of the effect of size on strength should
be the ult1mate goal of any size=- ~eifect study, the first requirement is to

*References are listed at the end of the repéxt.
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establish the existence of a size effect. Therefore, a program wac set up
durmg this period to determine the extatence of a axze effect in the vanous o
stress stutes — tension, comprcssion, ben g end torsion,

Briefly, it was propo:- -ed that elastic and fracture data be obtained
from tests on different sizes of geometrically similar specxmena, and that
these data be comipared. If che fracture strcngtbs cf the various sizes .

showed ro significant scatter or trend, it could Le concluded that there was
no. sxgmﬁcam effec” of gize on f'racture strength at that particular tempera=-
ture and strain rate, Conversely, if analyses of the fracture data showed a
significant variation in behavior with size, the existence of an effect of size
on {racture strength could be postulated, ‘

Once the existence of an effect of size on strength was established, a
study of the nature of this effect could be undertaken and an attempt madc to
analyze the data by means of existing theory.

Size-Effect Experiments on Plaster

Hydrostone plaster was chosen as a material on whick to study the
effect of size on strength. Tersion, torsicn, bending, and corpnression
specmnens were designed for carrying out the size~effect program, Two
sizes, z large and a small, of each specimen were designed, and these

' sizes were geometrically similar in all cases except one. (The two tension
specimens were not similar in their end regions, but were similar in their
gage sections; Figure 4,) The large torsion, bendm;” and compression apec-
imens were 5 times the size (125 times the volumc) of the smell sgecimens,
The large tension specimen was 4 times the size (64 times the volume) of
the small tension specimen. A series of tests was conducted on each size
of these specimens, and the resulting data were compiled and analyzed, The
experiments on plaster were 80 designed that, if they proved successful, the
techniques and analyses developed could be uaed to extend the size- effect

program to other cerarmr‘c materials,

Compiression Tents

Compression tests were run to fracture, but no quantitative analysis
of apparent fracture strengths was attempted owing to the invzlidating effect
of end restraints upon data on fracture in compreasion. (Sce section of re-
port' entitled "Ef.ect of Friction on Corapression Strength'.) Elastic data in
compression were compared, however, for the purpose of establishing the
relation bet'ween the moduli of elasticity in tension and in compression,

Specimens., The sizes of compression specimens used in this size-
effect program are showa in Figure 1, A ratio of length to .Jiameter of
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2.25 was cho en in order tc insure more uniform strvss distyipution in the
gzge secticn, (13 1) Figire 2 is a photograph of the Hydrostone plaster
specimens of the 1argcsf No. 5, and the smallest, No. 1, sizes upon whxch
-compression tests were conducted The volume of the No. 5 specimen is '
125 times that of the No. 1 specimen. In the casting and curing of these
specimens, the standard technique for casting and curing Hydrostone plaster
was employcd (8ee AF 'I'echmcal Report No. 52-67).

‘Th= methods uded in testing these’ spnc1mcns are descrxber' in a later
section of this report, In addition, the procedure used in calculatmg the
various data from the size-effect comprression tests is discussed in detail in
Appcendix I, It should be pointed out here that all strain data were calculated
taking into consxderatxon the effect of the transverse sensitivity of the strain
gages. (16 :

Results, The data obtained from the size-effect tests on Hydrostone
compressmn specimens are given in Table 1, The stress reported in Tablel

" as the "compression strength' is the axial strees at fracture obtained by

divading the load at fracture by the cross-sectional area. This was not re-~
ported as a fracture stress, because it was not the stress in the region

~ where fracture initiated. The sxgmﬁcance of this interpretation is discussed

in detail in another section of this report,

The data in Table 1 indicate that small specimens of Hydrostone have
higher compression strengths than large specimens and that, for the size -
variation studied, this difference in strength was of the order of 8 per ceat.
It is important to note that thesc data indicate an increase in strength with
a décrease in size, This is precisely the effect predicted by the mechanistic

theories of strength,

The compression size~effect specimens of Hydrostone failed with the
typical ""core type" fracture observed in other brittle macerials. In most
cases, this '‘cone of fracture’ was observed only at the top end of the speci~
men, The apparent reason for the consistent appearance of the cone at the

top of the specimen was that the top surface was rougher than the bottom sur-

face. The resultant effect upon the compression test was the creation of a
kigher frictional resistance to iateral expansion at the top than at the bottom
of the spec1men. '

At this point, the question of whether or not the reported compression
strength cculd have any value in the investigation of fracture phenomena
arose. The comprescmn test was studied in an attempt to appraise its value
in a study of size effects. As a result of this evaluation, it was decided to

forego 'any attempt to analyze fracture data frorn the convcnnonal compres=-

sion tert. The reason and 51gn1f1cance of this decision have been discussed

‘in detail in a later section entitled "The Effect of Friction on Cornpresston
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Strength'. It may suffice here to say that the resnults «f compression tests
reag y ;
indicated an effect of size on the nominkl compression strenyih of Hydro-

!du‘."ﬁ

stone plaster.

e
1

e e
S M biand al s %

From the elastic data in Table 1, it would appear that, in com‘pression,
small :,pocxmens of ‘{ydrosyone have a hxgha’r modulus of elasncxty than
large specimens of Hydrostone.' The data also indicate a variation of
Poissgon's rat:b between the two sizes of about 1.5 per ceut, or less than
the probable error in the mean valuf- of Poisson's ratio for both sizes,
Hence, it would appear. that the two sizes exhxbxted essentially the same ' "]
Pexsson & ratic in campressxon.

:

£ ki

Typxcal stress~-strain curves for No. l-size and No. 5-size specimens
are shown in Figure 3, The variations in modulus and fracture strength - ,
with size are un'nediatcly apparent from a comparison of these curves, It S
is of ‘nteroﬂ’ that the stress-atrain curves of the large and small specimens. ’ '
were not linear all the way to 'racture. This was observed in varymg de-

At

3 grees for these compression specimens, _ o _ - ' o 7;

3 , : .

3 Thesze data raise the important question of whether different gizes of

;. ‘ceramic bodies exhibit different moduli. The mechanistic thzories of frac-

ture do predict a variation in fracture strength similar to that observed '

. hcre, but they anticipate no decrease in elastic modulus with size, Never- , -
K . ‘theless, these data indicate a 5 per cent variation in Younyg' s modulus with a

b K ) 1"cfold increase in size. .

3. In anticipation of a variation of modulus with size, the firat three .
E batches of‘comprc‘s'si_on specimens were not fractured. - Instead, they were =~ . . . ‘
returned to the curing oven and allowed to continve curing. These speci- '
I mens were removed periodically, tested, and returned to curing. When
4. = these aging tests were initiated, it was felt that the observed variation of _
: : : modulua with size might result from a transient curmg phenomenon. How - S
' ever, the data in Table 2 tend to refute this explanation, indicating that,
o4 even after 127 days of curing,- there is no significcnt change in the elastxc .
2 . propcrnes of either large or small compression specimens, Hence, it
5 appears that tle variation in elastic properties with size observed in the

o -

. . . P
* oo S Sntg—

/
1 compression size- ~effect tcs's did not resl.lt from a transient curing '
= N phcnomcnon.
= _ Tests were conducted also to dotcrmme whether the type of. loading 2 ‘
o . had any effect on'the elastic properties of Hydrostone in compression,” Com~ .
A . pression specxmenq of both sizes were loaded through three cycles of con- i §

tinuous loading and three cycles of incremental loading, The results of 3
these tests were as shown on page 17.
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| ) Type of Modulus of Elasticity, 106 psi
Sneacimen Nn f.aadinag I’A‘ reraan nf 'T"'\voo 'T'nn a) .
Bl ALl iy feduditiahist - I8 AL : hied |
3-H50C-5  Continuous" : 2,23
" Incremental o . 2.22
' 3-H50C-9 " Continuous - o 7 2.57

'Incremental . 2.61

These data indicate no sxgmfxcant difference in elastic properties with
the two types of loading; however, incremental loading produced somewhat

more erratic data than contmuous leading,

In addition to the curing tests deecr bed above ‘the plaster from a -
large compression specimen was subjected tc \He-nxcal analysis, The
rexults of this analysis were compared with the results of a sxmxlar analysw
on a smaII compressxon specimen, The moduli of these specimens were as

follows:

Modulus of Elasticity, 106 psi

B ‘Specimen No. - (Average of Two Tests)
8-H10G-22 : 2.40
(Small)
8-H50C-15 = . 2,25
- (L.arge) :

The chemical analysis of the plaster from these specimens gave:

 Specimen Composition, per cent
" No. CaSO4 SiOz AI1203 €a0O MgO Hz0 MnO, SrO Fe Cu

8-H10C-22 50.7 0.5 0.2 28 5 0.5 19.5 ’ 0 03-0.25
(Small) ) ~

8-H50C-15 47.9 0.5 0.2 31.1 0.5 _19.7 0. 03-6G. 25
(Large) :

The results of these analyses indicate that there was little difference be-
tween the plasters of the large and the smull specimens, The only difference
occurred in the amount of CaO present in each, Whether this small differ~
ence (2.6 per cer’) in CuaO can accouat for the observed variation in modulus

. of elasticity is unknown at this time,

There appear to be two possible explanatxons for thn observed variation

of compression moduius with size in Hydrostone plaster. One explanation is"
that the variation results from a difference in the materials themselves, It

is poqsxblc owmg to variations in the thermal and zuring histories of the

- —

.
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two sizes, that the plaster in the amall specxmcn was not the éwme as the

PLQSLC; Au thu largc QP\-\—A‘AJ\-‘A, uud .hat t“ <] d ffere ngees d.d not u.ﬂnf‘pear "' h

age. The other possible explanation {s that this variation in modulus with
size was a true size effect, It is interesting that Remkober(”) found that
both the modulus of elasticity and the modulus of xxgzdxty of silica fibers
depended on the fiber thickness,

It is iinpcrtant to note that here thé‘ varistion in moduli between batches
of the same size was of the order of 5 2T cent in some cases, and ‘hat the
variation of the mean values (4.7 per cent) of the two sizes was not much
greater than the pr’obable error in the means. Vhen these obsérvations were
combined with the analysis of the elastic data from other’ streuys states, it
was felt. that this variation in modulus thh size was somewhat anomalous.

As for the existence of a size effect in'plastéf in vcompréssioh, ‘the

tests so far conducted on plaster indicate that the’ strengths of compression
specimens are affected by their size,

Tension Tests

Elastxc and fracture data were cbtaineda from the tension, size-effect
tests, Elastlc data were used to establish contr ol of the tests and in the
correlation of fracture data. Fracture datd were recorded in an eifort, first,

to determine whether an effect of size on strength exmted and, second, to

study the quantxtatwe effects of size and stress state on fracture data,

SEecimcns. Considerable difficulty has ‘been encountered in tension
tests of ceramic materials, One of the major sources of wifficulty has been
the maintenznce of axiality of loading during the test, With the specimens
used previously in this investigation (see AF Technical Report No. 6512,
Figure 1), the specimens tended to change alignment during the test, mt o-
ducing’ cxtraneous b\.ndmg stresses. An alternate tension specimen employ-
ing "cast-in'" pirs or bushings was developed during this period in an effort
to elifminate this difficulty. With pins or bushings accurately located on the
center line and with a Universal-type loading, the allgnment should not clange

durmg the test,

The two sizes of this alternate tensile specimen used in the size-effect
study are shown in Figure 4, Some success was obtained with these speci-
mens in maintaining alignment, However, some difficulty arose in maintain-
ing accvrate location of the bushings in the casting,

It should be ncted that these two size-effect tension specimens were
not geometrically similar in the region of the pin. Initial tests with speci-
mens exactly 4 times the size of the No. | specimen produced an undesirable
number of fractures acrcss the head section. As a result, this portion of
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the No. 4 specimen was w1dened to reduce the gross stress at the pin, At
the same time, geometric similarity of the two specimens in the region of
the gage secticn was maintained to retain similarity of stress dxstnbutxon.'
Tests conducted on the rr-df-sngned No. 4 specimen produced acceptable frac-
ture data, Figure 5is a photograp"x of these twn size-effect tenaxon speci-
mens of Nydrostone plaster. :

The methods used in testiag the size-effect tension specimens are
described in detail in a later sectrion of this report,.

The procedure used in the caiculation of the data from the axze-cffcct
teasion tests is given in detail in Appendix L.

Results. The elastic and frac.ure data obtained from the tests on the
No. l-size tension specimen are given in Table 3. The elastic and fracture
data obtained from the No. 4-size tension specimen are given in Table 4.
The values of modulus of elastic{';y reported in Tables 3 and 4 are, with a
few exceptions, the averages of four or more elastic determinations. The
value of ‘strength'reportéd is the average axial stress in the specimen at
fracture; that is, the load at fracture divided by the cross-sectional area.
It is particularly xmportant to note that a certain eccentricity was obscrved
in certain of these tests, This eccentricity appeared to vary from specimen
to specimen and, as a result, the strength réported was not the actual
ma)umum stress in the SpeClr":G'. Consequently, the mean streagths of
these specimens were affected by the eccentricity. Analysis of the effect of
eccertncxty on the strength data obtained trom the tensile test indicated

that the strength of a specimen {the maximum stress in the specimen at

fracture) should increase with increasing eccentricity. (For a more de-
tailed discussion of this subject, see the section entitled '"Effect of Super-
posed Brnding Stresses on Tension-Test Data',) As a result, it was felt
that the mean strength values werc somewhat higher than they would have
bezn had no eccentrxcxty been present.

The data in Tables 3 and 4 indicate that the modulus of elasticity on
Hydrostone plaster in tension, within the limits of accuracy of these tests,
does not vary with size, It is interesting to note that the existing variation
of modulus was opposite to that observed in the sizc-effect comprcssion

“testeg; that is, here the larger specimen appeared to have the higher modulus.,

This served to substantiate the hypothesis that the variation observed in the
results of the size-effect compression tests was due to experimental causes,

Typical stress-strain curves for the No., 1 and No. 4 tension spccimens
are given in Figurc 6. It can be seen from Figure 6 that little nonlinearity
is present in these ctress-strain curves, The effect of size on the {racture
strength of plaster in tension is also evident in Figure 6.

It is important to point out that the mounting of SR-4 atrain gages on

the gz ge section surfaces of the No, 1 tension specimens appears to have
strengthened these specimens, This may have caused the mean strengch in
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Table 3 to be fictitiously high. A compsarison of the fracture strengths from
- gage~-free specimens wiith streugthe from specimens with gages led ‘o the

following:
Condition ' Number of Speciinens Téns*ile Streugth, psi
With gages - 21 ' 1280
Without gages ' 25 1195

This comparison suggested comparing the mean strength reported in Table 3,
1245 psi, with the mean sirength in Table 4, 875 psi. The latter value was
.obtained from specimens almost all of whxch were free of gages, while the
former value was obtained from specimens of both types. As a result, ‘the
follnwmg mean strengths were re.ported for the No. 1- and No. 4~ size speci-
' mens without gages: '

: Mean Strength, Standard Mumber of
Specimen ) psi _ Deviation - Specimens
No. 1 1195 % 60 175 '

No. 4 © 915 % 55 135 19

It should be noted in the case of those MNo. 1 tension specimens with gages
that fracture was observed to take place both through and outside the gage.

Additional tests were n*ade to deterrmine w‘xethcr the type of loading
‘had-any effect upon elastic data obtained from the tengion tests, Several
No. l-size specimens were tested under both incremextal and continuous
loading and the dzta compared: Each tensile specimen was subjected to three
incremental loadings ond to three continuous loadings. The results of these
‘tests are given below: ‘ N

Mcdulus of Elasticity,

Specimen No.  Type of Loading 105 psi
HI0T - 31 Continuous - 2.30
) Incremental 2,35
H10T - 32 Continuous 2.25
‘ ~Incremental 2,23

Thesge data indicate that the type of loading had little effect upon elastic prop-
erties obtained from the small tension gpecimen, It was noted; however,
that data taken from incrementally loaded specimens tended to be more
erratic than data from continuously loaded specimens.

It should be pointed out that specimens H40T -7, H40T - 13, and
H40T - 16 {see Table 4) were specimens of the cld design (exactly 4 times
the size of the No. 1 specimesnj and, hence, not of the same design as the

S TR e P BN DT R SRR AT i T g R s a R S ST o g Se mm N L e ke e v s e — o~
3 : TT & i B T T T M O T T IS T T et S g G L LR s s o g e v e i




WADC TR 53-50 _ ~26-
remaining specurwns in Table 4, The mean strength reported in Tz2le 4
includes these specimens. If the strengthe »f these specimens are excluded,
a mean strength of 8802 50 psi and a standard deviation of 155 psi zze ob-
tained. Thesc iracture <zta and the data in Tables 3 and 4 do indiczie, hows-
ever, that the fracture strength of Hydrostore plaster in tension de::eases
about 30 per cent with a fzurfold increase in size. The data in Takle 3 and

‘ ’i_'ablc.é"would seem to ind.cate that the standard deviation of the strength
might increase with size, however, no such «onclusion should be drzwn yet,
since the individual deviations were determined from unequal numbers of

specimens. It is noteworthy, though, that the observed effect of siz2 on
strength agreed quelitativ @Iy with the effect predicted by the mechazistic
theories, ' .

In all of these tests, the fracture of these specimens appcareé typically
brittle, that i3, norme! to the maximum tensile stress. It is important to
add that, in many irstances, fracture appeared to initiate at the suriace of
the specimen. The actuzl relative influence of the surface or possibie sur-
face "flaws", although certainly important, was not considered at ttis stage
of the investigstion. ’ '

Bend Tests

As 2 part of the prog ram to determine the effect of size upon fracture
phenomena, bend tests were conducted on plaster bend specimens of two'
different sizes. The fracture data from these tests w:re recnried iz an
effort, first, to determine whether an effect of dize existed on strength, and,
second, to study the quan:iizative effects of size and stress state, Elastic
and fracture data were oblained from these tests. The elastic data +rere
used to establish control of the tests and for corrclation of the fraciure data,

Spe‘.‘imens. The bernd test is a commeon test used by ceramic ecgi=-
reers to df:termmc the mec nanical properties of ceramic bodies. Tkhe bend
test was chosen to be used in this inveatigation for the evaluation of ceramic
bodies; however, the naturz of this investigation required that the data ob-
tained frem the bend test be as quantitatively precise as possidle,

In previous periods of this study, bend tests were conducted orn speci-
mens of the design showr iz Figure 9 of AF Technical Report No. 6512,

‘ Specimens of this design wzre loaded in the manner shown in Figure & of
that report, i.e., as a sclid beam in bendmg. In thia type of loading, the
bend specimeun is not loaded at the neutral axis, As a result, undesirable
friction forces are introduced. Since, by their nature, these frictiosnal
forces are unknown, they introduce errors into the resulting bend data,
(For a discussion of the significance of friction in bend tests, see WADC
Technical Repoart 52-67.)
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lo order to alleviate friction forces, an alternute bend specimen was
deszigned for the size-eifect program which permitted Joading at the neutral
axis. This alternate design provided for the use of bushings in the spreimen,
These bushings were located accurately on the neéutral axis of the specimen,
and were cast into the plaster specimen. The load wis trensmitted through
hardened steel pins inserted through the buskings, Thus, a pure bending
moment could be trunsmitted to the gage recticn of the specimen without
»mt*c‘)m,cmg unknown friction forces. The two sizes of this alternate bend

" specimen used for tiiz size-effect study on plaster are shown in Figure 7,

Figure G shows alternate bend specimens of the twc sizes used in this
program. It should be noted that 1/2 ~inch-diameter brass bushings were

_used in the No, 5-gize bend specimen. No bushings were used in the No, 1-
" sizeé specimen; instead the pins were cast dirertly into the specimen,

These specimens of Hydrostgone were cured in the same manner 8# the
size-effect compression gpecimens. Each specimen was marked as it was
removed from the mold, in order to insure the same relative orientation in
each test, |

‘ The methods used in testing these bend specimens are given in detail
later in this report. :

Results. The procedure fellowed in the calculation of data from these
bend specimens is outlined in detail in Appcnduc I. Data o' tained from the
tests on small, No. l~size bend specimens are given in Table 5. Elastic
dats obtained f‘ om large, No. 5-size bend spoc1mens are given in Table 6,
‘Fracture data from the No. 5-size specimens are given in Table 7.

It should be ncted that the moduli reported in Teble 5 for the small
bend specimens were not equal. If it is assumed that the modulus of elastic~

ity ie thc same in tensicn as in compression, the values in Table 5 represent .

a measure of the atate of stress in each bend specimen. Theoretically, if
the recorded tengion and compression moduli were equal, a state of pure

. bending would have éxisted in the specirien. The fact that the strains on the

top and bottom surfaces were not equal indicates that this assumption is
faulty, or that extraneocus axial stresses shifted the aeutral axis, It does

not seem logical to assume that the consistently grester atrain on the tenslon
surface was due to random etresses, It seems more logical that the two
strains, tension and comipresasion, were unequal ao a result of different ten~
sile and compressive properties or as a result of a consistent axial tenaile
stress.

It is interesting to ncte that the elastic data on the large bend specimen
(Table 6) indicated an inequality of moduli opposite ¢c that observed on the
small hend specimen., It dces not seem logical that such a reversal should
result from the basic designs of the specimens, but, rather, from a differ=
ence in the loadings.of the specimens, Both of these variations could have
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- - TABLE 7. FRACTURE DATa FROM NO. 5-SIZE PLASTER Pk
BEND SPECIMENS Pl

i

Specimer. No, Strength, psi - Specimen No, Strcngth, psi g

H50B-8- 1345 . H50B-32 950 b

H30B-9 1325 ’ H50B-33 1265 B TR ¢

H50B-10 1535 H50B-34 1245 B ¢

H50B-~11 1170 H50B-35 105% PoE

H50B-12 1355 - H50B-36 1230 :

H50B-13 1270 ‘ - N50B-37 1265 3

H50B-14 1420 ' H50B-38 1345 L

H506B-15 1555 _ H50B-39 : 1225 i

H50B-16 . - 1490 H50B-40 1015 i :

H50B-18 1555 H50B-41 : 1030 it

H50B-19 1675 - H50B-42 1110 3

H50B-20 920 H50B-43 1265 F 1

H50B-21 1300 H50B-44 1380 PR

H50B-22 1125 ' H50B-45 1010 . F

H50B-23 1265 _ H50B-46 1430 I‘Q

H508-24 1225 H50B-47 1120 ;

H50B-25 1060 H50B-48 1570 i

H50B-26 1040 - H%0B-49 - 1510 I}

H50B-27 790 _ H50B-50 1706 o

H50B-28 835 - : ' [iy

H50B-29 1175 ‘Mcan Value 1250 + 55 i L

. H50B-30 1240 _ _ — ‘ Lk
“H50B-31 1105 Standard Deviation 215 L
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resguited from variastions in the dists ance between the innermost bushlngs
too short a-distance cauging an axial tension and too long a distance causing
an axial compression.

In an effort to determine whethsr or not the relative orientaiion of the
specimen ia the test (and, hence, its o1 ientation in the mold) influenced the
moduli data, experiments were conducted on both No, i- and No. 5-size
gpecimens 1oaaed under "normul” and "inverted" orientations. A "norma;ly
oriented specimen was tested with its bottom eide in the mold in teusion. An
"inverted' orientation placed the bottom 31de in compression, The data from
these tests are given below:

‘ Modulus ot Elasticity, 106 psi
Specimen No. Orientation Tension ' Compresaxon

(Average of Two Determinations)

H10B - 24 . Normel 2,33 2.46
Inverted 2,47 2.43

H10B - 30 ‘Normal 2.32 2.60
Inverted : 2.40 ‘ 2.57

(Average of Three Determinations)

H50B-13 Normal 2.50 2.48
Inverted 2.43 2.46
H50B - 22 Normal 2. 34 2.17
Inveried 2.16 - 2,32
H50B - 23 Normal 2,31 2,17
Inverted 2. 09 2.30

In general, these data indicate that the observed inequality between
tension and compression moduli was reversed by inverting the specimen in
the loading jig. These data tend to refute the explanction that the differences
in moduli were due to extraneous axial stresses, since these stresses should
not have been reversed by inverting the epecimen.

Additional tests were conducted on No. 5 bend specimens to determine
whether the rate of loading had any efiect on observed elastic data, No. 5
bend specimens were subjected to three continuous loadings and to three
incremental loadings, in which the load wase applied in steps or increments.
The data from these tests are given below:

Type of Modulus of Elasticity, 108 psi

Specimen No. Loading Tecusion Cocmpression
H50B - 8 Incremental 2.34 2.24
Continucus 2.29 2,22
H50B ~ 13 Incremental 2,50 2.48
Countinuous 2,47 2.46
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These data indicate that there was no significant difference between
elastic data obtained from the diffe rently loaded specimens; however, data
from the incrementally loaded specimens tended to be more erratic than
data {rom specimens loaded continuocusly,

No possible explanation could be found for the reversal of moduli data
reported above other than that the elastic propertics of the specimen vary
from top to bottom in the mold. That such a large variation between tension
and compression madull could be attributed to orwntanon was not obvious,

a3

In summary, it doer rot seem necessary for the elastic properties of
» body to be the same in tensicn and vompression, nor does it seem plausi-
ble that material variables ¢ould cause such a lar ge variation uver such a
small depth, At the same time, it should be noted that the variation between
rnoduli was for both specimens within the probable error in the data. As a
result, it was felt that these differences in moduli reflecied experimental
errors of unkrown origin, and that, for all prautxcal purposzs, the tension
and compresswv moduli were equwalent.

he fracture data in Tables 5 and 7, on the two siz~s of bend speci-
mien indicate that small bend specimens of Hydrostone plaster were stronger
than large gspecimens of similar design. For the size variation studied, this

_variation in strength was of the order of 31 per cent., This variation was

similar to the qualitative effect of size on strength predicted by the mecha-
nistic theorie.a. It should be noted, however, that the standard deviation of
the strength did not decrease with size as predxctcd by these theories, 'In
light of these data, it seems plausible to conclude that tue size of a Hydro-
stone plaster body does affect its strength in bending; that is, that an eftect
of size on strength does exist, at least in bending,

Thé quantitative significance of these results is discussed in more
detail later in this report.

Torsion Tests

As znother part of the program to deterrnine the effect of size upon
fracture phenomena, torsion tests were conducted on plaster torsion speci-
mens of two different sizes. These tests were conducted to determine
whether an effect of size on strength existed and to study the effects of size
and stress state, No elastic data were obtained from the srnall torsion
spccimens due to the'r samall size. Elastic Cata were obtained, however,
on the No. 5-size torsion speciinens. Fracture data were cbtained for both
sizes,

Specimens, The torsion ﬂpeciméns used in this size-effect study are
shown in Figure 9, The dirensions of these two sizes, the large and the
small, are given in Figure 10, As in the case of the bend and compression
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inie
No, l-size torsion speciimen, a volume ratio of 125,

‘ Thece specimens, like the other size-cffect specimens, were cast in
Lucite molds, The procedures for casting and curing these spec.mens were

‘the same as those used for the size-effect compression specimens. All of

the torision tests were conducted on the 14th dav after casting.

The procedures used in conducting the size-eifect torsion tests are
given in a later eection of this report, :

Resgults, In the calculation of the torsion strengths, the standard
elaatic formula was used, that is:
| . 16M
o = , -
™ D3
where

op. = torsion strength, psi,

M, applied moment at fracture, inch-pound,

D ‘diameter of gage sectidn, inches,

¢}

'I'hc elastxc data obtalned from the No. 5-size torsion specxmens of
Hydros.one plaster are given below :

Specimen - Modulus of Rigidity, 106 pei
No. (Average of 3 Determinations)

H50S - 11 ' 0.810

H50S - 12 0,799

H50S - 13 0.835

HEOS ~ 14 . 0. 863

H50S - 15 : 0. 845
Mean - 0.830% 0, 026

If these data are used to detcrmme the modulus of elasticity, E, from
the relation

E 2 2(1+)G, : ()

where G is the modulus of ripidity and v is Poisscn's ratio, and a typical
value of v o 0,25C is used, E is found to havc a value of 2, 08 x 100 psi.
This value i8 somewhat low wlien comparead with values of E determined
from other size-effect tests. This discrepancy was considered to be due to
a low experimental value for.the modulus of rigidity, G. Although the value
of 2,08 x 108 psi for E is reasonable and of the correct order of magnaitude,

“more data on tae modulus of rigidity would be required before the relation

between the two moduli could be clarified completely,
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The fractur= Fata obtzinred from the No, l-rize torsion specimens are
given in Table 8 and the fracture data for the No. S5-size torsion specimens
are given in Table G, ‘ »

These dam.‘in'dicate that both the strength and the standard deviation’
decrease with an increase in size. These déta show a decrease in szrength
of approximately 30 per cent with a fivefold increase in size, This effect of
size on strength and standard deviation ggrcgd q_u.ali.‘t‘atively with that pre-
dicted by the mechanistic theories of strength, The quantitative significance

of these data is discussed later in this report,

In all cases, these specimens, No. | size and No, 5 size alike, frac-.
tured in a brittie manner; that is, normal to the maximum tensile stress in "
the body, These apecimens fractured on a helical surface oriented at 45
degrees to the axis of the specimen (t_his type of fracture surface isvtypical
of brittle materials). In almost every case, frecture appearcd to initiate at
or very near the outside surface. This served as another indication that

conditions at the surface of bodies of this material meay influence fracture,

Summary of Size~Effect Data on Hydrostone Plaster

Table 10 contains a surri-mary of all the elastic data obtained from
plaster specimens as a part of the program to determine the effect of size

" on tke fracture of brittle materials. Thesc data indicate that there is no

significant effect of size on modulus in tension. The bend and compression
data appear to indicate such an effect; however, the significance of the varia-
tion of modulus with size cannot be resolved at this stage of the investigation,

Table 11 contains a summary of all the fracture-strength data ob-
tained from the plaster size-effect specimens. These data indicated that an
effect _of size on the utrength of Hydrostone plaster does exist, In turn, this
effect agrees qualitatively with that predicted by the mechanistic theories of
strenyth; that is, the strength and the standard deviation of the strength de-~
creased with an increase in size. This decrease in strength was of the
order of 30 per cent for a fivefold increase in size.
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TADLE 8. FRACTURE DATA FROM‘ NO. 1-SIZE PLASTER

TORSION SPECIMENS

WADC TR 53-5¢

Specimen No.

Strength, psi

H106-2 1605
H10S58-3 1540
H105-5 1465
H105-8 2460(1)
H1CS-9 1600
H10S-10 1385
H1l08-12 1490
H10S-14 1375
H10S-18 1755
H10S-~19 1740
H108-20 1340
H10S-21 1583
H10S-22 1725
H105-23 1715
H105-24 985%
H1058-25 1590
H10S-27 1449
H10S-23 1640
H10S8-35 1595
1135-37 1480
H10S-38 1440
- Hi05-39 1340
H105-40 1635
H10S-41 1895
H10S5-42 2035
H10S-43 1805
H105~44 1530
H105-45 1560
H10S-46 1160
H10S-47 1500
H10S-48 1620
H105-50 1260
Mean Value 1545 & 65
Standard Deviation 210
(1) Rejected from computaiion of incan,
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TABLE 9. FRACTURE DATA FROM NO. 5-31Z&
PLASTER TORSION SPECIMENS

) Specimen Number Strength, psi Specimen Number Strength, psi
H50S-1 1195 - 150S8-36 1375
11505-3 1010 H505-42 1260
H505 -4 1005 H505-43 1070
H505-5 880 H50S-44 1090
H50S -7 970 H50S-46 455
H508-9 1180 - H505-47 935
H508~11 740 H505-48 1050
H505-12 970 H50S-51 1285
1H505-13 915 H50S-52 1310
H50S-14 940 H505-53 12i5
H505~15 1056 H505~54 1280
H505-16 680 H50S-55 1160
H50S~17 840 H505-58 1380
H505-22 840 H50S-59 1265
H508-25 1240 H50S-60 1365
H505-27 1250 H505-61 1220
H505-29 1175 H50S-62 il10
H50S~32 1310 H505-63 1115
H50S~-35 1600

' Mean 1115 % 55
Standard Dewviation 200
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S TAéLE 10. CUMULATIVE ELASTIC DATA rl(()M PLLASTER SIZE-EFFEZCT SPECIMENS
. === = |
. Su\ndnr? Probahle Number_ol
Specimen Property Mean Valur -Deviation'* Trror (& )(l ) Specimens
( Small Yension Modulus nf elasticity, 105 psi 2.40 - o n 0.u5 o2
« (No. 1 size) Poisson's ratio 0.258 0. 041 o 0.037 . ’ [
: ) Large fension Moualus of elanticity, 166 pat 2.39 0.11 0.09 . 22
J (No. 4 size) Poisson's ratio 0.240 0.020 . 0.018 6
Small torison Modulus of rigidity, 108 pol ——e - - -
: {No. 1 aize) ‘
i Large torsion  Modulus of rigidity, 16€ pas 0.830 0. 026 0.028 s
i {No. 5 3ize)
4 Small bend Teneion modulus of elesticity, 2.51 Q.18 0.11 8
H (No. 1 size) 166 pai . .
5 Compression modulus of 2.53 0.20 0.14 8
3 elasticity, 108 pai
Lnrgé Bena Tersion modulus of elesticlity, 2.39 0.10 0. 05 13
: {No. 5 size) 106 pai
: . Compresaion madulus of .30 0.1 0.07 13
clasticity, 105 pst ‘ : )
H Poisson' s ratio 0,240 .0t 0.010 -4
Lok Small compres-  Modulus of clasticity, 106 pai 2,45 0.05 <. 02 14
; ston (No. | size) Polwson's ratlo 0.252 0.038 0.034 7
i L.arge Compres- Modulus of elasticity, 106 pal 2.3 0.05 0.02 14
sion {Nc, % size) Puisson's ratio 0.248 0.008 0.004 i4
- (1) Sec Appendix 1.
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. Correlation of Size-Effect Data on Plaster With
Weibull's Statisiical Theory of Strength

One of the intermediate objectives of this invectigation has been to
detcrmine whether any of the existing theories of strergth apply to the frac-
ture of ceramic inaterials, It was pointed out privicusly in this report that
Weitull's etatistical theory of strength(18~ 19) predicts aa effect of sine on
strength, Since the size-effect tests on plaster indicated a size effect, an
attempt was made durmg this penod to determine the apphcabxhty of
Weibull's thcory. . :

Weibull developed expressions relating the gize of a body and'its sta-
tistical strength in the scress states of tension, bendxng, and torsion, These
expressions were used to determine the conatants for Weibull's theory and
to compare the observed strengths with those predicted by his theory., In
addition, Weibull developed expressiors purporting to relate the strengths
in the various strevs states., The e‘.g wificance of the effect of stress gtate
ou fracture strength is discussed in a later section of this report. The spe-
cific equations used to obtain the predicted strengths appear in Appendlx III
of this report,’ along with a detaxled discussion of Weibull's theory.

Tablie 12 gives the size-effect data and the value of the material con-
stant, m, determined from each siress state, In addition to these data, the
bend data reported in Table 4 of WADC Tecchnical Report 52-67 were analyzed

'by the method described in Appendix I7l. An average value of M = 12 was

determined from these bend data as ccmpared to a value of m = 12,9 in
Table 12, The data in Table 12 indicate ap approximate aver.ge value of

m = 14. The scatter in the values of m is quite large and may be significant
of the conniatency of the size-effect data.

It must be pointed out that analyses of initial portions of these data
indicated a value of m of approximately 12, Due to the complexity of these
determinations, it was found expedient to use a value of m = 12 in the corre-
lations and (_alculatxons ‘rom Weibull's theory which appear in this report.

Mathematical rnethods have been used throughout this report in the
application of Weibull's theory to the fracture data cn Hydraostone. Weibull's
statistical constants have been determined from mathematical treatments of
the data: however, Weibull has deveioped graphical methods for the determi-
nation of these constants. In regard to this probiem, he poirts ou:(20),

"For d'etérmining the most probable values of the distribution constants
for a given test series either geometrical or arithmetical methods may be
used. An advantage of the former is that they irnmediately indicate statisti-
cal anomalies in the series. Therefore, it seems to be advisable that the
observations should first be treated by graphic methods, while the arithmet-
ical methods should not be used unless the resuits of the graphical treatment
call for their application."
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TABLE 12, MATI RIAL CONSTANTS FOR HYDROS'I ONE PLASTER

Standard
Dev:ation
Average Mean “of Mean Material
_ Spzcimen  Volume,  Strength, Strength,  Constant, (1)
Stress State Size - in.3 psi psi m
Tension 1 0.0633 1195 175 154
4  4.10 915 135 '
Torsion 1 0.0633 1545 210 144
5 6.92 1115 200 t T
Bending 1 0.019Q 1845 ' 210
5 2.33 1270 205 12.9

(1) See Appendix HIL

In the analysis of the size-effect data of this investigation, an attémpt
" was made to 2pply the graphical methods to which Weikull refers; however,
difficulty was experienced in these initial attempts. Addit'ional, more re-
fined methods are available at this time for the determination of these dis-
‘tribution constants, but these new methods have not been attenipted.

It is also very important to point out that the distribution function used
in this study of Hydrostone piaster was a greatly mmphﬁcd one, and that
more refined dmtnbuhon functions are available(}8, 21),

Table 13 gives a comparison ot’ the observed strengths and the strengths
predicted from Weibull's theory for the Xarge size specimen. The predicted
values were calculated to show the order of variation resultmg from the use
of dlffero:nt values of m.

In additinn to the analyses of strength data, the standard-deviation data
obtained from these Bize~effect tests were analyzed and compared with devi-
ations predicted from Weibull's theory, Expressions were developed relat-
ing specimen size and standard deviation in particular stress states. The
specific equations used in obtaining the predicted deviations alppcar in Appen=
dix IIl. The analysis of the standard-deviation data from the Hydrostone
size-effect specimens is given in Table 14, It can be seen from Table 14
that the experimental deviation for the specimens treated was not in good
agreement with the deviations predicted from Weibull's theory, The values
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TABLE 13. COMPARISON OF EXPERIMENTAL STRENGTHS OF LARGE
PLASTER SIZE-EFFECT SPECIMENS WITH STRENGTHS
PREDICTED FROM WEIBULL'S THEORY '

_ Experimental Predicted Strength, Eai(l)

Specimen - ' Strength, psi mw=s 12 m= 14
Large torsion 1115 1045 1105
Large tension ‘ 915 845 885
Large Yend 1270 1235 1310

(1) See A pzndix UL, Equations (47), (48), and (48),

TABLE 14, COMPARISON OF EXPERIMENTAL STANDARD DEVIATIONS
' OF STRENGTH OF LARGE PLASTER SIZE-EFFECT
SPECIMENS WITH DEVIATIONS PREDICTED FROM
WEIBULL'S THEORY

Experimenial
Standard Predicted Standard
: Deviation, __Deviation, 253,51)
Specimen psi ma 12 . T mal4d
Large torsion 200 140 150
Large tension 135 12 130
Large bend _ 205 140 - 150

(1) See Appendix IiI, Equations (88), (71), and {77).
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of the observed standard deviations can be expected to change as the number
of specxm.,ns tested is inc reased, As the rnumber of terts in each group be -
comes qu1te large, ine vbserved standard deviation; as a propexty, becomes
more reliable. It is 1mportant to note here that the standard deviation of the
strength of a series of’ dpccxmens is as much a property of the series as the.
.mecan strength, It has been poiated out ir another section of this report that
the seeond moment oi the distributirn about the mean is equivalent to the
square of the standard deviation. Also, it is in.portant to note that the third
and fourth moments of the disiribution are also properties of a set of speci-
mens, end that, if a complcte statistical ~analysis is to be made of the {rac-
ture of a material, each of the pertinent st.agzstxcal pr np_ernes m_ust be

studied,
Weibull also developed expressions for predicting the effects of various

stress states upon the standard deviation of the strength. The correlations
of the size-effect data on Hydrostone with these predictions appear in a later

section of this report.

i The results of these analysés of size-effect data indicate that it may be
poasible to predict the effect of size ont he strength of Hydro tone plaster by
using chbull‘a theor}:. :

Sire-Xffect Exeriments ¢1 Porcelain

It will be recalled that the size-effect testa on Hydrostone-plaster com-
pression épecimens raised an important question: Do ceramic bodies of
different sizes exhibit different moduli of elzsticity? The data from these
compression tests on plaster (ree Table 1) indicated that, in compression,
small specimens of Hydrostone have a higher modulus of elastxcx*y than la. ge
specimens., The mechanistic theories of fracture do predict a variation in
fracture strength sr“nlar to that observed here, but they anticipate no de-
cr ease in elastic rnodulus with size. It is posmblc that this variation re~
‘sulted from differences in thermal hlstorws or, on the other hand, from a

true size "‘.epenoence u_f modulus.

In an effort to determine whether this variation of modulus was charac-
tPr'istic of ceramics other than plaster, a series of tests was conducted on
compression specimens of po"cclmn, of the same design and dimensions as
the size-eifect compression specimens of plastrr (see Figure 1), These
porcelain specimens were fabricated by the Chamnpion Spark Plug Company
of Detroit, The preparation and the testing of these specimens were the
same as the preparation and testing of the No. 1- und No. 5-size plaster
compresgsion specimens. The rmoeduli and Poisson's -ratio data were cal:u-~
lated in the same marner, that is, using the techuiques outlined in Appendix I,
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Table 15 gives the results of these tests., Only eiastic data are given
on Ng, l-size and No., 5-size specimeuns., These specimens were not

»
—.

fractured,

The data in Table 15 reveal only a very small variation in elastic
modulus between the two sizes of specimens. Although this difference ir
moduli was in the same direction as the variation cbserved in Hydrostone
plaster, the differencé for porcelain was of such a 5n‘.a11'magﬁitude that no
definite statement is justified as to whether the variation uf the compression
modulus cof Hydrostone was due to a true size effect or due to a material’
.variable. It is interesting to note, how=ver, that the data for the Hydrostone
size-effect bend specimens (see Tables 5 and 6) exhibit the same effect of -
‘size on modulus., At the same time, the ilydrostone size-efféct teision speci-
‘mens exhibited practically no variation in modulus with size. Together,
these observations would seem to indicate that a real variation of elustic
modulus with the size of ceramic bodies does not exist, or is of such » mag-
pnitude that it cannot be discerned with present techniques,
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" uniaxial tcnsxon, which is contrary to observation. At the same time, this
" theory in no way predicts the behavior observed at high hydrostatic pressures.

 theories must be added the limitation that these theories predict that the
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THE EF g_FCT OF 5TRESS STATE ON MECHANICAL PROPERTIES

It has long been observ.d thai the state of stress in a body has an in=- _
fluence on its fracture. For example','the compression strength (defined by.
the ordinary compression test) of a brittle material is rnuch higher than its :
tensile strength, sometines being of the order of eight times the tensile
strength: In the present investigation, the .ompression strength of Hydro~
stone plaster was found to be about s.x times greater than the tensile st‘c.tgth.
In the canse of cast iron, which is rot truly a brittle material, even the stress=~
strain curves in tension and compression differ. Another striking example
is the effect of high hydrostatic COP’)pl‘C‘iSlon stresses on the behavior of
brlttlc materials, illustrated by the fact that under the tremendous pressures
"in the earth's crust, igncous and sedimentary rocks which are quite brittle
in ordinary compression have been caused to flow like a viscous fluid.

How well, then,. do the phenomenological and mechanistic theories of
strength predict the behavior of brittle materials under varying states of
stress?

Jt was pointed out earlier that the phenomenclogical theorxes of

strength belong to the classical group of theories that predict a unique frac=- -~
ture strength for a material. The’ phenomenologxcal theory mnst commonly
applied to brittie materiais, the maximum-~tensilé¢-stress theory, postulates

that fracturc will occur when the maximum tensile siress in a body reaches

a certain value. ‘Thisn theory has been found to agree quahtatwely with : \
fracture data on brittle materials at normal temperatures and pressures. ‘ i
However, this theory Drcdxcts ‘that the fracturc of a brittle material is in~
dependent. of the other two pr inc ipal stresses. This would mean that the
strength of brittle materials should be the same in trxa\ual tension as in -
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On. the othvr hand, many of the pnenomenologma' theories, such as the
octahedral - fahear-sfress theory, the effective-stress theory, the distortioa=-
energy *h'ory, the maximum-~ -shear~stress theory, and the maximum-~strain~-
‘energy theory, are not valid for truly brxttle materials, since they propose
criteria which are more valid for flow than for fracture. This becomes oh~
vious when it is noted that each of these theories predicts that a material

will not f.ul in triaxial tensmn. ‘To these limitations of the phenomenological

strength of a body is that of its clements, regardless of its size.

The mechanistic theories are typified best by Griffita's theory (22)
and by the statistical theories of strength., According to Griifith's theory,
the strength of a body is equal to the microscepic stress in a very small
volume at the instant that a critical crack in this volume begins to prcpagate,
The cffects of other cracks and of the distribution of these cracks in a body
are neglected by Griftith,
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It has been pointed out that the phe nofnonologicul theorics consider
that fracture will occur when any one element in 2 budy reaches’a crivical
ctate of stress, ard Griffith makes this same assumption. In these theories,
the importornt pomt is that fracture is considered to occur when this critical
element fails, and that the cortribution of other ¢lements is conside red to be
negligible. In the case of the statistical thcorics of str\n;_,th however, con-
sideration is given to every element in a body and its contrxbutxon or possible
contrv_buuon to fracture is taken intc account. :

Let us compare the rnaximum-tensile-stress theory, for example, -
with Weibull's statistical theory of strength. The maximurmn-tensile-stress
theory states that fracture will occur when the tensile stress on some plane

of an element reaches a critical value. Weibull's theory, howcvcr proposes

that there is a certain probability of fracture associated with every unit

‘volume_ in a body, and that this probability i3 a function of the state of stress

in the element. What is even more important is that the probability of frac-

ture of a unit volume i5 not oniy thc probability of fracturc associated with one’

plane of the element, but the probability of fracture associated with all planes
in the element. hence, the probability of fracture at a point in a body be-
comes a function of the individual probabilities of fracture on every plane
through that point on which the normal stress is tensile. This reasoning can
be extended to give a probability of fracture for the entire body, taking into
consideration the state of stress at every point in the body. If the relation
between the tensile stress in an element and the probability of fracture of
that ¢lement is assumed, then the strength ot the element, as the most )
probable stress at fracture, can be predicted. It'is important to poirnt out
however, that Weibull's theory assumes that fracture will take place under
the action of tensile stresses, that is, in a normal brittle manner. Further-
more, Weibull's theory postulates that the fracture of a body occurs simul=-
taneously with the fracture of any of its elements. '

Nevertheless, Weibull's theory predicts a distinct cffect of stress
state on fracture phenomena. It is true that Griffith's theory and the phenom-
enojogical theories also predict ar effcct of stress state on fracture; how-
ever, it appears‘at' this point that more can be gained from a study of
Weibull' s theory.

In light of the above, special consideration was given during this
period to the corrclation of fracture data with Weibull's statistical theory of
strength, Fracture data obtained from sizc-cffect tests on plastcr in the
simple stress states of tension, torsion, and bending were correlated with
Weibull's theory. In addition, the rcsults of tests to determinc the effects
of biaxial states of stress on the fracture of plaster have been reported.
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Correlahon of n -v'on} Torsion, and Bend Data
on Pla ith W emu“‘ s Theory

One of the objectives of this investigation is to determin~ whether
any of the exisring theories of strength apply to ceramic materials. Since
the tests on plaster indicated a size effect, and since Weibull' s theory pre-
dicts such an effect, an attemyt was made to determine the applicability of
Weibull's theory to siress-state data. Weibull developed expressions pur=
por*ing to relate str engths in tensign, bending, and torsion. In addition, he
has devclopcd expressions relating specimenp size and strength in a- particular
stress state. tlence, these cxprcsmor\s could be used to predict the strength
of Hydrostone plaster in each of these strers states and to compare the the ~
oretical atrengths with the observed strengths.

The general principles of Weibull' s theory were outlined in detail in
WADC Technical Report No, 52-67. These principles were used to develop

expressions for pv edicting the effects of size and stress state oa the strength

of Hydrostpne plaster. Additional expressions were developed for predicting
the standard deviations of the strengths of plaster. The rpecific expressions
used for these correlations are outlined in Appendix il of this report.

The general procedure was to determine the material constant, m,
for Hydrostone plaster from the size-effect data from one stress state and
then to use this value of m in the appropriate equations to predict the strength
of Hydrostone in the other stress states. Table 16 gives the size-effect data
and the value of the material constant, m, determined from each stress
state. The volumes reported in Table 16 are averages for the specimens
‘tested. '

Weibull also develép,ed.exprcssi_ons relating the standard deviations
of the strengths in the variouvs stress states.  As a part of the program to
correlate fracture data, these expressions were used to aualyze the plaster
size-effect data. The results of the comparison of the standard deviations
with those predicted from Weibull's theory are given in Talle 17.

The results in Table 16 show a fair agreement between the experi-
mental and thc predicted strengths. The analyris indicates, however, that
more size-effect data (particularly on gage-free specimens) may be re-
Guired if definite conclusions are to be drawn as to the appiicability of
Weibull' s theory to the fracture of Hydrostcne plaster. An extension of the
program to some other czramic material {contemplated for the following
contrast period) would furnish valuable insight as to the applicability of
Weibull's theory to the fracture of brittle ceramics.,

. The results in Table 17 of the comparison of experimental deviations
with deviations predicted by Weibuil' s theory r. zal a poor correlation.
This effect may have resulted,Ahoweve‘r, from the relativily small number
of specimens tested. Standard deviation, as a properiy, appears to be much
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TABLE 16, COMPARISON OF EXPERIMENTAL STRENGTHS OF
. ' PLASTER SIZE-EFFECT SPECIMENS WITH STRENGTHS
: PRE_DICTED FROM WEIBULL'S THEORY
. Based on Large To:rsion Strength and m = 12
Predicted ' Experi_nicntal
Strength, (i} : Strength, _ Deviation,
» Specimen psi , psi B %
Small tension 1125 1195 5.9
Large tension 960 915 4.9
. Small torsion 16590 1545 6.8
: Large torsion -- 1115 _ --
Small bend , 1975 R 1845 7.0
Large bend 1320 : 1270 ' 3.9
{1) See Appendix HI, Equations (50), (51), and (52).
: k TABLE 17. CCMPARISON OF EXPERIMENTAL STANDARD DEVIA-
: - TIONS OF THE STRENGTH OF PLASTER SIZE-FFFECT
1 , "~ SPECIMENS WITH STANDARD DEVIATIONS PREDICTED
i) FROM WEIBULL'S THEORY l
= : - v :
i Based on Deviation of Large Torsion Specimen and m = 12
a ' : Experimental Standard Predicted Standard Deviation, »
} ' : ,SpeCimen(Z) , Deviation, psi Deviation, psi 1 % }
i Stall tension 175 200 14 '
N (25) ~ - |
it : Large tension 135 ’ 170 o 26 S
7 (19) | ' | | ;
;‘ " Small torsion : 210 295 41 )
o - (32) :
iv ; Large torsion 200 - “- .
i (37) . |
il Small bend 210 355 69 ‘
f (36) . i
3 Large bend 205 235 15 :
I (29) . - |
(1) See Appendix 11, Equations (77), (78), and (79). ‘
{2) Number in parentheses indicates nusnber of specimens tested, )
i
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more sensitive to the size of the sample than s the mean,
larger number of tests may he required to obtain suitable deviation data

Theretore, a far

than to obtain reliable strength uata.
These correlations of strength and standard-deviation data do indicate
that Weibull's statistical theory of strength may offer a reliable means ot
predictiug the statistical strength of a ceramic body. Neither Weibull's
theory nor any cother theory, however, offers any way of predicting the
strength of a single cc..ramic body. Still, it may be possible, us'ing Weibull' s
theory, to predict a threshold strength for-a ceramic body below which this
body will not fail (n. gligible probability of fracture). However, this threshold
strength may piove to be too small to be of practical use to the ccramic

engineer,

The Effect of Biarvial Stresscs on Mechanical Properties

Sl

FRSTIEFTEETY W

i
I In the past, this research has becn limited to a study of the simple
stress states of uniaxial tension and compression and to the states of bending

I ‘and tersion. It is cbvious, howcever, that limiting the investigation to the

‘ study of tension, ~ompression, bending, and torsion states would be unreal-
I . istic, as the str.4s states commonly encountered in practical problems are
: combinations of these simpler states. If a practical solution is to be found
I to the nroblem of the effect of stress state on the fracture of brittle mate-
11’

rials, the effects of biaxial stresses should be studied.

A biaxial streass state mplies the consideration of a two-dimensional

stiess system. rigure 11 illustrates a general two-dirmensional stress
o, and o, are normal stresses,

P O T

systern acting on a small ¢lement of material,
which may be either tensile or compressive stresses. s
Fi‘gure 11 represents the general stress state in a body subjected to biaxial
stresses corresponding to a random orientation of the element in the body.

In every case of biaxial loading, however, there is one particular orientation
This condition occurs

T is a shear stress.

ISR

of the eiement for which the shear stress i3 zero.

when the x and y axes coincide with the principal axes.

correspond to the directions of the maximum and minimum norraal stresses
and 0 ,, the prin-

The principal axes

on an element. This orientation s shown in Figure 12, 9,
cipal stresses, rnay be either negative or positive, but ¢; is always algebra-

ically greatzr than or equal to 0,.

From the above discussion, it can be seen that any biaxial stress state

~ i can be defined completely in terms of the two principal stresses. Further-
K more, the type or character of the biaxial state can be expressed in terms of

T
I the ratio 62/0] of the principal stresses. For example, a tension test would
“’ T be represented by a ratio 02/01 m 0 and a torsion test by a ratio02/0) = -1,
35 T Tests of the biaxial state in which the ratio of the principal stresses
I is constant throughout the test are designated as constant-stress-ratio tests.
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FIGURE 1l. GENERAL B!AXIAL STRESS STATE
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' FIGURE 12 ELEMENT SHOWING PRINGIPAL STRESSES GORRESPONDING TO
GENERAL BIAXIAL STRESS STATE -
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Cs;scntially, this means that the stress ratio in a body does not change as the
body is loaded to fracture. In the past, the method used most commonly to
investigate the effect of biaxial siresseés has been the constant-stress-ratio
test, '

i In this investigation, the objective is to determine the effects of var~

+ ious biaxial stress states (each represented by a particular stress ratio) on
the fracture strength of a brittle material. If it were assum:d that biaxial
stresses do affect the fracture strength of a material, then it would follow
that there is a unique fracture strength for each stress ratio. This concept
of a variation of fracture strength with stress ratio is exemplified by the
hypothetical curve shown in Figure 13.

—_—

In Figure 13, the axes are designated as Oz/df, and 0;/05, where Oz
has been chosen as the frac'turc strength in simple tensior. {for this hypo-
thetical mater"al) Points C and D repres: nt the fracture strength in simple
tension. At Point C, for example, 0 2 is zero and 0} = 0¢, U} /Gy = 1.0; at
Foint D, a similar condition exists. A constant-stress-ratio test can be
rcpresented by a straight line extending outward from the origin, O. A bi-~
axial test for which © 2/ Ul w 1/3 is represented by the line OB. Every pomt
on this line represents a stress condition at some time during the test. As
02 and 01 are increased, the point representing the stress state moves cut-
ward along OB. When 0, and 0 reach the magn.tude represented by Point B, .
the specimen fractures. Thus, it car be seen that the curve shown in Figure
13 represents the fracture strength for all possible biaxial states of stress.

» . —— ‘

Ll ]

As a part of the program for studying the effect of stress state on

the fracture of ceramic materials, Weibull' s theory was unalyzed and ex~
preesions developed for predicting the fracture of Hydrostone plaster under
combined stresses.. The results of this analysis of Weibull' s theory are
presented in Figure 14 in the form of a curve of the type shown in Figure 13.
It can be seen from Figure 14 that Weibull' s theory predicts a steady in-
crease in fracture strength (value of 0} at fracture) with negatively increas-

ing values of Oy Figure 14 also’ shows that, in the regicp of biaxial tension
(0, and 0] both tensile), the fraciure strength is lower than the strength in
uniaxial tension. It should also be noted from Figure 14 that Weibull's
theory is quite similar to the maximum-~teng'le~-strcss theory, which predicts
fracture when the maximum tensile stress in a body rcaches the stress at
fracture in ténsion. However, Fxgure !4 indicates that caution may be neces-

. sary in the use of the maximum-tensile~stress theory when both principal
strcsses are tensile stresses. [t is important to note that the curve in Figure
i4 is for a unit volume of uniformly stressed Hydrostone plaster {m = 12).
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The methods used in the determination of Weibull's theory fo. biaxial
stresses on Hydrostone are described in detail in Appendix IIl.
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FIGURE 13.

HYPCTHETICAL CURVE ILLUSTRATING VARIATION OF
FRAGTURE STRENGTH WITH PRINCIPAL STRESS RATIO
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‘ing and internal pressure.

Corrbined-Stress Tests on Plaster

A program was set up 'during. this perind to study the effect of combiaed
(biaxial) stresses on Hydrostone plaster. To accomplish this, a specimen

) wasa demgned wx ‘h which various biaxial stress states might be obtained.

’Ims specimen was a hollow cylmaer v-hich could be subjected to axial load-
This specimcn and the systera for loading are
described in detail in'a later section of this report (see "Developmer: of
Test Equ*pment") This specimen {see Figure 15) was designed such that
fracture data obtained conld be analyzvd using the theory of thick-walled

cylinders. The wall of the specimen was of such thickness (when comparéd

 with its internal dlamutcr) that the varvatmn of stresses from the inner sur-

face to the outer surface had to be considered.

. In the initial tests conducted duxring this period, the specimen was
subjected to internal pressure loading or to tension loading.

The procedures used in casting and curing theze specimens were the
of plaster.

same as those used in casting and curing the size-effect specimens
The plaster uscd for these specimens was the same as that used in the size~

effect specimens.

The methods used in testmg these Spec1mens are Jescnbcd in detail

in a later portion of this report.

Results

Data from the internal-pressure tests were analyzed using the elastic
theory of thick-walled cylind‘ers.(zﬁ” This theory indicates that the stresces
at the inside surface are higher than those at the outside surface. According
to this theory, the transverse stress 0], ir the specimen is of the form:

2 2

r. p T

i o
—y - 3
0y = 2 1+ PR (3)
v -r
o i

where

radius of the inside surface,

radius of the outside surface,

internal pressure, '

radius at which the stress is being determined,

" T -
e
non ooy

From Equation (3), it can be seen that the transverse stress at the inside

surface, 04;, is (Whenr = rj):
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7 2, 2
K r tr
iy 1 = ° ! D . ’ . 4
: oy Tzt (4)
B r - r
; (o] 1
'“Then Equation (4) can be rewritten ar:
2 2
¥ D, + I :
] ) i : : :
: D, - Dj
where D is the outside diameter and D; is the insiue diameter. Similarly,
the transverse s{~ess at the cutside surface, 0, is: ' ‘
2}
N , &)
it Olo =2 P (€
o X D -D
' _f ~ The intcrnal pressure distributed over the ends of the inside of the
; i ‘ specimen is assumed to produce a uniform axial stress, 0 2» of the form:
H : :
i .2
| D!
1 - t L
o 02772 P ()
i Dy - by
1o
i Turthermore, it should be noted that 0, and 0} are prircipal stresses. Since
’ the elastic theory of thick-walled cylinders assumes that Hooke's law holds.
4 ; ' for the test material, the principal strains, € ; and €,, can be determined
S from Egquations {8) and (9):
A
B b
i ! -
3 | € =gloy-voal, : (8)
X € =0, =V
§

where € | 2 €,, and

E = modulus of elasticity, psi,

vV = Poisson's ratio.
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'Ihnnt te principal strains oa the outside surface of the spccv'nen become;
€10 =E [ 910 ~ V%) (10,
. : .
'-&.‘.Eloz"volo]. ' (ll)

To determine the applicability of the theory of thick-walled cylinders
tothese tests on the hiaxial specimen, the theoretical strains, € 1o and €5,
were compared with the observed values, €%  and €54 The principa' strains,

€1, and €5, in all instances were corrected for the effects of transverse
sensitivity [s=e Equations (20) and (21) of Appendix I]by comparing the slopes,
0'10/610, of the theoretical curves of U] versus € lo with the slopes, -

Ao,y n,/A €{s; of the expemmental curves of 010 versus €] . Similarly, the
slopes o 10/6 200 of the the oretxcal curves of 0y, versus €5, Were compared
with the slopes, AOIO/A €5, of the experimental curves of C; versus €.
The elastic constants, Eand ¥, deterrrme for each specimen under tension
loading were used to determine € j and € 20 from Equations (10) and (11).
"These experimental and theoretical curves are shown in Figure 16 for a
typical bLiaxial stress specimen. .

The theoretical arnd obscrved clastic data obtained from the biaxial

stress specimens tested under internal pressure are given in Table 18.
These data indicate 'a variation of approxxmately 5 per cent between the
exoerimental and theoretical results. ' The reasonable agreement of these
data with the predictions of the elastic theory of thick~-walled cylinders was
considered 4n indication that fracture data from this biaxial specimen could .
be analyzed from the point of view of thick~-walled thcory. It is significant,
in these tests, that"the experimental strains were consistently greater than
the theoretical strains. The reason for this variation was not determined.

The principal stresses and the theoretical and experimental principal
strains at the instant of fracture in these tests are given in Table 19. The
principal stresses at fracture were calculated from Equations (5), (6), and
(7). The theorctical principal strains, €;, and € 5, were calculated from
Equations (10) and (11). The tangential stress, 0y, , at the inside surface
was the largest principal siress in the speciinen and was taken as a nominal
" value oJi the strenyth of the specir.:en.

The data in Table 19 indicate fair agreement between theoretical and
experimental fracture strains, considering tire limited amount of data avail-

able.

The elastic and fracture data obtained from those biaxial specimens
fractured in axial tension are given in Table 20, The ctrength obtained from
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" was considerably below the strength obtained

these teats in tengion, 730 péi, :
1085 psi, which was contrary to ex-

from the tests under internal pressure,
pectation. Welbull's theory predicits the opposite; that is, the strength in
tension should be higher than the strength under internal pressure. However,
it should be remembered that, under internal pressure, the tiaxial specimen
must be treated as a thick-walled cylinder and, hence, the strength should
not be compared directly with the streugth in uniaxial tension. When, for
comparison, the biaxial specimen was considered to be have as a thm—walled

~cylinder, then a strength under internal pressure of 1005 psi was obtained,

This indicated that, as a thin-walled cylinder, the Liaxial specimen was
stronger under pressure than in uvuiaxial tension. It was felt that these
initial data were insufficient and too crrati}c to warrant any firm conclusions
concerning the effect of biaxial stresses on the fracture of plaster.

The nature of the fracture in these specimens, subjected to internal
Fracture appears to have initiated at the

pressure, was typically brittle.
ar to the transverse

inside surfacz of the specimen and on a plane perpendicul
The region in which fracture initiated usually was typified by a
Figure 17 shows a biaxial specimen which
Fracture initiated in tlie central

stress, O-li'.
vertical cruck in the gage section.
was fractured under internzl pressure.
section of the spzcimen.

The Effect of Superposed Bending Strcsses on Tension-Test Data

If bending str.sses are known to be present in a tension test, the ques~
tion of their effect arises. Present knowledge of brittle materials would lead
us to belicve that the qtrength of a speciinen is affected by the type of stresses
present. For example, the strength data obtained in this investigation on
titanium carbide and plaster indicate that the strengths of these materials
arc not equal in bending, torsion, and tension. It does not seem logical to

assume, then, that superposed bending stresses will have no effect on tension

data.

In view of the encouraging correlations of size-effect strength data
w1th Weibull' s statiatical theory of strength, theorctical relations were de-
rived from Weibull's th.,my during this period for predicting the effect of
superposed bending stresses on tensile fracture. The development of these
relations is outlined in Appendix III, Essentially, an expression for the
ultimate strength of a tension specimen suvbjected to superposed bending was
derived in terms of the eccentricity of the load and an expression for the
strength of a similar specimen with uniform tensile loading. It is important
to note that these were developed for the bending of a rectangula™ tension
specimen about an axis parallel to one of its edges. It is not always true
that bending will take place about this axis only. However, the expressions
developed here are mecant to provide only a qualitative indication of the ef-
fect of superposed bending stresses on the strength of a tension specimen.
The specific expression developed is given on page 68:
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. 1 N
°bd 7 3e vd” | m (12)
2 U T) VoaSm ,
94 bd®m ,
where
Cpq = Strengthofa {rectangular) specimen subjected to
combined bending and tension, psi,
G4/ = strengtu of a specimen subgected to pure tension
(e = o), psi.
e = eccentricity of the load, inches,
h- = half the wicth of the spzcimen (see Figure 33),

Vipq = volume of the gage section of the specimen loaded
in combined bending and tension, cul ¢ inches,

Va’ = volume of the gage section of the specxme n loaded
in pure tension, cubic inches,

m = material constant (an integer),
-m 2
z (3e)
- m! \h; . (13)
m (m - 2r)t (2r + 1)!
r=o

- It can be shown from Equation {12) that the observed strength of a
specimen as defined by Weitull should increase with incr.asing eccentricity
of the load.

Effect of Eccentrxcxty on Plaster Ten31on Data

It has t en noted previously in this report that some eccentricity was
observed in the tests or the size-effect tension specitnens of plaster. It was
noted also, from strain mecsurements taken at the instant of {racture, that
the eccentricity tended 1o vary from specimen to specimen. All fracture
data previously reported for the size-ecffect tension specimens were obtained
by dividing the axial load at fracture by the cross-sectional area of the
specimén. Hence, these strength data do not take into consideration the
presence of any bending stresses. If bendmg stregses arc present in a ten-
sion specimen at fracture, the normal stress obtained as the ratio of the
maximum load to the cross-scctional area is not the maximuin strees in the
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specimen at fracture, the bending s ress must be added to this mormal |
stress. o '

An attempt was made during this period to predict the effect of 2c-
centricity in tension loaling on the 'strength of the No, J-size tension speci~
men of Hydrostone plaster. For Hydrostone (m = 12, approximately), where
Vg = Vd', Equation (12) becomes: B :

. : 3e
Od (1 +x"

Od/ 1/12 ! (14)
12
where
r=6
. 1. \er
~ 12¢ (T
512 = : 1 — 1 . ("5)
(12 = 2r)! (2r + I}
r=0

Figure 18 presents a theoretical curve derived irom Equation (14)
depicting the cffect of eccentricity on the strength of the No. l-‘size—cf'fect
tension specimen. Weibull's theory predicts that the strength of an eccentri-
cally loaded tension specimen should increase with increasing eccentricity '
of the load. The curve in Figure 18 was based on a value of Od’z: 1245 psi.

In order to compare the predicted effect of eccentricity with data
available on the No. 1 tension specimen, the eccentric strength Gy, and the
eccentricity, e, were determined for a number of these specimens. The
stress, Opgy, was calculated as the nominal tensile stress {load # area) plus
the bending stress (bending strain x modulus of elasticity). The ecceatricity,
e, of the load was calcilated by means of the relation:

F.AWe b (
e —m——— {inches
M 0P (i e ), (16)
where
F. = modulus of elasticity, 100 psi,

A = area of cross section, sq in.,

3
n

width of cross section, in.,
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€ bending strain at fracture, microinches per inch,

b

P

axial load at fracture, pounds.
The data for these specimens have been plotied in Figure 18,
veal only a qualitative verification of the predicted variaticn of strength with

Since the distribution of strengths will change with eccentricity,

eccentricity.
An entire series of tests ac zach eccentricity wonuld be necessary in order to

verify this effect quantitatively, However, this effect does scrve as another
indication that the stress state in the body of a brittle material affects its

These data re-

strength.

The Effect of Friction on Compression Strength

The usual compression test is intended to obtain the strength of a
material in a uniaxial-compresgive~stresa state. Of course, the word "uni-
axial" impfies that there is only one stress acting upon the body and that, in
this case, this etress is compressive and has cunstant magnitude and constant
direction throughout the body.

The specimen usually chosen for the purpese of simulating this stresa
state ir a right prism or a right circular cylinder; however, a critical dif-
ficulty arizes in the loading of these specimens. As the stress must be uni-
formly compresgive throughout, an attempt is made to distribute the load
uniformly over the base surfaces by applying the load through flush-fitting
plates. Owing to the tendency of the specimen to expand lateraily under the
longitudinal corﬁpfesswe load, frictional forces set up between the specimen
and the eud plates destroy the uniformity of the stresses in the region of the
end of the specimen. Hence, the {racture strengths obtained from such

stressed specimens must be treated with reservation,

Analysis shows that quite a complex atiess system exists in the ends
of such a specimen and that the resulting stresses tend to strengthen a cone~
shaped region, the base of which is the base of the specimen. As a conse-
quence of the frictional forces on the ends of prismatic specimens, a
singularity in the stress field develops along the edges of the specimens (see
Figure 19). This singularity ariscs because the shear stress, sz, at A
along the prismatic element must be zero, while the shear stress, 7 _,, at A
may have a large finiie value; hence, the fundamental criterion that the shear
stresses 7, .and T, be equal at all points in the body is not satistied at the
corner, A. The result is the conical region of severe destruction showu in
‘Figure 19, The clements of this region make a characteristic angle a with
the base of the specimen.

Figure 20 shows a fractured compression specimen of Hydrostone.
The conical region at th~ end of the specimen and the heterogeneous nature
of the fracture in this region are revealed strikingly. The angle @ has been
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X
Region cof severe destruction

FIGURE 19, 4smgup.amrv’ iN STRESS SYSTEM AT EDGE OF PRISMATIC
COMPRESSION SPECIMEN » - |
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found to de puoad upon the matr rlal the prescnce or lack of antifriction mate~
. rmls, and the r.1tm of the length to the diameter of the spcc1mcn(24/.

Seibcl(zs) proposcd the use of conically shaped compression plates in
an cffort to obtain @ more uniform stress distribution in the body of a cylihdri-
cal specimen. He proposed that the generatrices of the cones be machined
with an angle equal to the angle or friction. The problem, of course, is to
determine this angle. Some question of the constancy of this angle of friction
during the test also arises.

It is of significance that, at the present time, 29 years after Siebel's
work, there is still no known test from which the Iracturc strength of a uni-
formly stressed, compression specimen can be obtained. With the methods
and techniques presevntly available, it is impossible to determine the true.
fracture strength of a prisni'atic specimen, yet no other satisfactory épgcimen
design has been advanced.

Nadai(24) has reported the results of experiments by Lambert and
ManJome. on the combressicn strengths of various hollow cylinders of porce-
lain, as shown in Figure 21. The'w specimens of porcelain exhibited dif-
fcrent fracture strengths, and the variation in strength from one specimen to
another was apparently a function of the shape of the specimen and of the end
conditions. Some of the recults reported by Nadai appear in Table 21, It
can ‘be seen from these results that the shape of a compression specimen '
greatly influences the compres ssion strength of a partlculdr brittle material.
As a consequence of various factors, the experimenter may find that a mate-
rial does not exhibit a consistent compression strength, ‘and he prebably will
continue to observe this until a technique is devised which will eliminate the
effect of end friction and permit uniferm compressive stressing ol a body.

Bend Tests on Porcelain

. " As a part of the effort to determine the effect of stress state on
fracture phcnom'cna, a series of bend tests were initiated o specimens of
high-alumina por celain supplied by Champion Spark Plug Company. The ob-
jective of these tests was to determine the elastic ana fracture properties of
this porcelain. The specxmcns were of the c‘csxgn shown in Figure 9 of AF
Technical Report 6512, dated April,1951. Tests were cnnducted using the
pro.edures outlined in the above report for the testing of these specimens

Elastic data were obtained from both top and bottom surfaces, along-
with the fracture strength.

In these tests, SR-4 strain gages mounted on the top and bottom sur-
faces of the gage secticrn were used to determine the longitudinal and trans-
verse ustrains in tension and compression. These strain data were corrected
using Equations {20) and (21) of Appen’ix I. Bending stresses were
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" FIGURE 21. PORCELAIN COMPRESSION SPECIMENS

TABLE 21. STRENGTH IN AXIAL COMPRESSION OF
HOLLOW PORCELAIN CYLINDERS

Compression

Figure Strength,
Shape 21 psi

Cemented ends »
Reinforced shoulders
Straight hollow cylinder
Cylinder with curved
-outside surface

Cylinder with curved
outside surface

Straight solid cylinder
(d*1% in., ha3} in, ) with
plane ground ends

64,600

50, 200

56,300
121, 000fa)

66, 000(b)
130, 0oo(2)
117, 0600fb)
- 73,000

AN op

o

(a) Highest S.ras,
(5) Average stress, .
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.

calculated from the usual ¢quation for maximum beading stress, b

Mc »
%‘-,T . , ‘ (17) .

applicd bcnding moment,

1

where M

mornent of inertia of cross section,

—
1

¢ = half of the depth of cross section.

The value of Poisson's ratio in tension, Vi was obtained frem the
slope, Eg, of the plot of ¢, versus the longitudinal strain in tension, €,,,
and from the slope, Qq, of the plot of 0 versus the transverse strain in

tension, €34 as
: ’

e =—5;_ - o (18)

The value of Poisson's ratio in compression, V., was obtained from the
slope, E_., of the plot of 0, versus the longitudinal strain in compression,
€1c» and from the slope, Q, of the plot of ¢ versus the transverse strain in

compression, €,., as
c
Y5 %o~ (19)

The data obtained from these initial tests on porcelain are given in
Table 22. The strengths of these specimens are reported in Table 22 as the
bending stress, Oy, at fracture. Thesc data, like data obtained earlier on
similar specimens of Hydrostone plaster (see AF Technical Report 52-67,
pp 55-58), indicate a difference between the moduli obtained fro:n the top and
the bottom surfaces, This effect is, of course, contrary to expectation,
There is some question at the present as to the source of this discrepancy;
however, ihe worlk conducted during the past year hus led to the proposition
that frictional forces arising at the load and support points cause this in-
equality. The valucs of Poisson's ratio obtained were subjéct to the same
variance as the moduli, and this variation was assumed to arise from the

same source,

When the data in Table 22 were combined with data obtained previously,
and reported in AF Technical Report 52-67, the average properties were

obtained as given on page 30.
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Mean Standard Deviation
‘Modulus of elasticity 41.6 % 1.1 2.2
(tension), 106 psi :
Modulus of elasticity ~ 42.5% 1.5 | 2.7
(compressicon), 10°psi
Strength, psi 33,600 + 800 2500

These data will be combined with sxze -effect and stress-state data to
be obtained on porcelain in {uture phases of this investigation.

TZJLEI EFFECT OF STRAIN RATE ON THE MECHANICAL
" PROPEKRTIES OF BRITTLE MA"I‘ERI_A‘LS

‘The rate at which a body is strained appears to have a distinct effect
on its fracture strength.' The effect of the rate of straining on the mechanical
properties of metals, for example, has been the subject of many investigations.
Geucrally, in the case of metals, the effect of increased strain rates is to in-
crease the yield and ultimate strengths. On the other hand, relatively little
is known about the effect of the rate of straining on the fracture of brittle
materiale.

In the case of brittle materials, the terms ''rate of straining' and '"rate
of stressing" frequently are usted synonomously, since these materials may
behave elastically to fracture. In general, an increase in the rate of strain-
ing or stressing a brittle matcrial has been found to increase its fracture
strength. For example, NadaﬂZf’) has reported the results of a series of
tests on the effect of strain rate on the fracture stress of porcglam tension
specimens. The results of these tests are given in Figure 22, where the
fracture stresses of the porvcelain specimens are plotted against the strain
rate {on a logarithmic scale). These results reveal that the stress to cause
fracture in this porcelain appeared to increase with increasing rates of strain-
ing.. In regard to these tests, Madai states: "From thesc tests it must be
concluded that a brittle material under ordinary conditions when tested in air
does not possess a definite tensile sirength but that the latter continuously
decreases with the time during which a load can act". Watstein <'57)1conductcd
compression tests on roncrete cylinders at rates of straining ranging from
1075 to 10 inches/inch/sccond. The compressive strength of the concrete
was observed to increase about 86 per cent as the strain rate was increased
from 0.003 to 10 inches/inch/second. Watsiein also indicated that the entire
stress-strain curve for concrete was affected by the rate of stressing.,

Other researcher;s(28 to 34) have noted that the duration of the appliced
stress appears to affect the fracture of brittle materials. This effect has
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been observed particularly in the cases of glass and porcelain. However, in
these tests the applied stress was constant and not v,xrymp with tirmme; in short,
these materials appearced to fatigue with time. It is imporiant to point out

that it may be impossible to scparate the latter oficct of stress duration (time)
from the fo mer effect of rate of 5'tr'cssing or straining. Jt cannot be said

that these two cffects are one and the samc phenomenor, but it must be peinted
out that the two effects appear to be interrelated. In fact, it might be that the
duration of stross is thc@nly factor that affccte fracturce strength, and that

the effect illustrated in Figure 22 for porcelain actually represents the effect
of duraton of stress on strength., That the existing knowledge on the effect

of strain rate on the properties of brittle materials is mcager is true; never~

theless, it can be stated that the rate at which a brittle material is strained

significantly affects its fracture characteristics.

Strain-Rate Tests on Plaster

A program was set up during this period to study the effect of the rate
of stxessmn or straining on the {racture ktrcngth of Hydrosto*me plaster. The
:nitial phases of this program were qualitative in nature in that their only.
purpose was to determine the existence of such an cffect. As a result, it was
<kc1ded to test the No. 1 tension specimen, the No. 5 bend specimen, and. the
No. 5 torsion specimon at various strain rates and to note the effect, if any,

‘on thexr fracture strengths. The 1esults of these initial tests are r(.ported
- below.

Tension Tests

The No. l-size alternate tension specimen was selected to study the
effect of strain rate on the strength of plaster in tension. The casting and
curing procedurecs for these spcc‘irncns were the same as thoce for the size-
effect specimens. Strain gages were used on almost all of these specimens,

The same procedure was used in aligning these specimens as wasg used
in the size-effect tests on the No. 1 tension specimen. The strain rates were
measured by means of strain gages. After the gages had been prestrained,

- an initial'load was applied to the specimen. Thenthe Baldwin strainindicators

were balanced and the strains recorded. Vithout changing the setting on one
indicator, the setting on the other was increased 100 microinches per inch,

The loading rate of the testing machine was adjusted then to give the desired

strain rate (lapsed time for 100 microinches per jnch). The specimen was
then straincd to fracture using this loading rate. ‘

The data from thesc tests were calculated in the same manner as the
data irum the size-effect tension tests.
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~ Table 23 :md Table 24 give the results of the few initial tests conducted
on the No. 1 teaslon specimen. It is important t) note that these data were
obtained frun. specimdns with gages cemented to théir surfaces. It was noted
in the size-effect tests that gages appeared to strengthen a specimen, so ad-
ditional tests must be conducted on gage~-frce specimens before any valid

quantitative results can be obtameo. However. a comparison of the results in -

Tanles 23 and 24 thh the size-effect data in Table '3 lums to the following:

_Strain Rate, i'n./in.“/x‘xjin . Fracture Srress, psi Number of Specimens
0. 000.74 1350 | ‘lZ
6.0027 _ 1280% -2l
0.0060 ‘ 1235 12

® From specimens with gages,

The above COmpa'rison raises an important question: "Can the effects
of strain rate b«» different for different brittle materials, or are these data
misleading? " The work reported by Nadai on porcelain was conducted over
a much wider range of strain rates. It may be possible then that the rates
used here were sufficiently narrow to perinit normal statistical scatter in
test data to overshadow the true effect of strain rate. Additional data should
be obtained if this question is to be resolved. o

Bend Tests

The No. 5-size alternate bend specimen was chosen for the study of
the effect of strain rate on the strength of plaster in bendmg The procedures
used in casting and curing the bend specimens for the strain-rate tests were
the same as those used for the sizé-efiect specimens. As in the case of the
strain-rate tests in tension, strain gages were used to measure the strain
rates, Usually, only one strain gage wa- cemented to a bend specimen;
this gage was placed on the tension surface.

'Ihc same procedure was used in allgmng, prestrammg, and loading
these specimens as was used in the size-effect bend tests. The proper load-
ing rate was determined by adjusting the head rate of the machine to obtain
the desired strain rate from the strain gage.

Table &7 gives the results ol these initial strain-rate tests on Hydro-
stone plaster bcnd specimens. A comparison of these data with the data ob-
tained from the size-effect tests on the No. 5 bend specimens leads to the
following:
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Strain E{Atrz in./in./m_in - Bend Strcngt!& psi . Number of Specimens
0.00075 1260 14
0.0027 1250 | 42

These data indicate that, in bcndirig, the fracture strength of plaster
may be practically unaffected by strain rate within the range investigated. It
is interesting that these data indicated a very slight decrease in strangth with
increased strain rate; however, more data at these rates and at other rates
arec necessary before any definite statements can be made as to the cffect of

strair rate on the bending strength of plaster.

Torsion Tests

The No. 5 size torsion specimen was chosen for the strair-rate pro-
gram because it was large enough to permit the vse of strain pages for
measuring strain rate. " The procedures 'for casting, curing, and testing
these specimens were the same as those for the size-cf{fect tests on the No. 5
torsion specimen. In these strain= r.lte tests, however, it was possible to
maintain a constant strain rate from specimen-to spccimen. Heénce, only one
specimen was needed to determine the twist rate required to give the desired

principal strain rate.

Table 26 gives the results of the initial strain-rate tests on the No. 5

torsion specimen, conducted at i strain rate of approximately 0.0024 inch/
inch/minute. If these data are compared with the strengths of those specimens

tested ata strain rate of 0. 0027 nch/mch/mmute, the following data resuit:

Strain Rate, in./im/min Torsion Strength, psi . Number of Specimens

0.0024 1135 12

0.0027 1115 a7
These data appear to indicate that straia rate had no significant effect on
fracture stress for the range of rates investigated. However, this range was

“relatively quite narrow and, if an cffect of strain rate were present, it could
be discerned more casily by testing at more widely separated strain rates.
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TABLE 23, &?TI’\A,INfRATE DATA FROM SMALL, NO, 1-SIZE
PLASTER TETISION SPECIMENS

B

WADC TR 53-50

Tension Strength,

Standard Deviation -

Specimen Strain-Rate,

No. in. /in. /min psi
HI10TR-1 : 0.C0075 1095
H10TR-3 0.00072 1350
H10TR-4 : A 0.00072 1375
H10TR-5 0.00073 1360
HIOTR=~6" 0,00071 1270
H10TR -9 ) 0,00075 1655
H10TR-10 o 2,00075. 1490
H10TR-11 0.00075 1370
H10TR-15 0.00075 1380
H10TR-16 0.0007% 1380
H10TR-18 , ‘ 0.00075 1270
H10TR-19 " 0,00075 1195
Mean Value : . 0.00074 1350 + 75

140
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' TABLE 24, STRAIN-RATE DATA FROM SMALL, NO, 1-SIZE
: PLASTER TENSION SPECIMENS 3
Spercimen : 'Stra"i'n-Ratc, Tension Strength, i
" No. in, /in, /min psi
HI10TR-~23 0.0060 1100 ¥
H10TR =27 u.0060 1240 i
H10TR-36 0.0060 970 »,
 H10TR-39 0.0060 1170 k
H10TR-46 0.0060 1125 ot
" H10TR-47 0.0060 1245 3
H10TR~49 0.0060 1150 e
H10TR-50 0,0060 10390 :
H10TR-52 0.0060. 1390 “
H10TR-53 0.0060 1410 4
H10TR-54 0.0060 1405
H10TR-55 0.0060 1575 -
Mezan Value 0.0060 1235 & 95 ¥
Standard Devia;ion - 180
—— "1 ;
|
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TARBLE 25, STRAIN-RATZ DATA FROM LARGE, NO, 5-8IZE

- PLASTER BEND SPECIMENS
Specimen o Strain-Rate Bend Strength,
L No. I in./in. /min ' psi
H50BR-2 =~ 0.00075 1215
o H50BR-3 0,00075 1045
*  HS0BR-5 . €.00075 , : 1660
. H50BR-10 : ' 0.00078 : 1495 .
HSO0BR~11. = . 0.00075 . : 1035
| H50BR-12 0.00072 . ‘ 1215
H50BR-13 0.00063 = . - 1235
H50BR-14 0.00077 1155
H50BR- 15 - 0,00082 ’ 1255
HS0BR-18 : 0.000"5 . 1395
'H50BR=-20 0.00075 _ 1495
H50BR-21 . o 1 0,00075 1135
H50BR-24 ©0,00075 - . 990
H50BR- 25 : ~0.00075 , 1315
‘Mean . ©0,00075 o 12060 95
Standard Deviation v - T o T 198
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TABLE 26. STRAIN-RATE DATA FROM LARGE, NO, 5-SIZE .
PLASTER TORSION SPECIMENS : i
Specimen Strain-Rate Torsion Strength,
No., in, /in, /min psi
H50SR -7 0.0024 1050
H50SKk -8 0,0024 1180
HS50SR~10 0.0024 815
H50SR~11 0.0024 1000 i
H50SR-13 10,0024 1305 ;
H50SR-14 0.0024 1125
H50SR-15 0.0024 1025
"H50SR-~16B 0,0024 1065
HS50SR-18 0.0024 1390 '
H50SR~-21 0,0024 1400 [
H50SR~-22 0.0024 980
H50SR=-25 0.0024 1295 1Y
‘ ¢
Mcan " 0.0024 1135 ¢+ 100 ﬁ
' “Standard Deviation - ' 180 ‘
1
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THE EFFECT OF TE "MPERATURE ON M

1 AL PROPERTIES

A study of the strength of brittle materials cannot be considered ccme
plete without consideration of the effects of temperature. It has long been
known, for example, that the absolute temperature ot 3 metallic body atfects
its strength. This is quite obvious when it is realized that rmetals all become
fluid if subjected to suffciently high temperatures. By definition, a fluid
cannot withstand shéar stresses and will flow read’ly if subjected to shear
stresses,
or otherwxse

Why, then, does a material which t'ractures with practically no prmr
deformation at so-called room temperatures behave as a fluid at some ele-
vated temperature? In answering this question, many scientists have pro-
posed that it is mmore correct to gpeak, rot of brittle materials, but of the
Y"brittle states' of these materiais, They infer that a material may be
termed "brittle" when it exists in such a state that it will fracture before it
will flow under the action of shear stresses. Then a transition in the effect
of shear stresses must occur. suddenly or gradually, as the temperature of
the body approaches the melting point,

In general, the strengths of metals have been observed to tend to in-
crease with decreasing temperature. In addition, it has been noted that
the entire stress-strain curve of a material tends to change with tempera-
ture, (35-38) None of the phenomenological or mechanistic theories men=-
tioned in this report take into consideration the effects of temperature on

strength. Becaus~ of the "softening' of matenals with temperature, these

effects will be quite complex,

E!evated-Temﬁerature Torsion Tests on Titanium Carbide KI51A

Durirg the period of this report, tests .wcre initiated at 1300 F on
titanium carbide KI51A torsion specimens of the same lot as those reported
in Table 7 of WADC Technical Report No, 52-67, The purpose of these
tests was primarily to establish the methods for torsion testing brittle ma~

werials at elevated temperatures,

In testing these specimens, temperature measurements were taken at
four points along the gage length in order to determine the temperature
distribution in this region. Four platinum-platinum-rhodium thermocouples
were mounted along the gage length at points about 5/8 inch apart, directly
in contact with the spucimen surface,

In these tests, only the stress at fracture was measured; no strain
measurements weie taken, The applied moments were determined by means
of a torsion dynzmormeter mounied at the {ixed end of the torsion machine,
This dynamometer consisted of a 1-3/4—inch-diameter steel shaft, onto
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which SR-4 stra in gages had b been cemented. ) The strain of the SR-4 gages

was calibrated against the applxed moment. .

- The specimens were mounted between torsion heads or adapters of
the type ahown in Figure 6 01 AF Technical Report No, 6512, However, the

‘heads used in these elevated- tc’m,,cuuurv tests had coohng coxls wrapped

around their bases. The entire assembly of specimen, thermocouples, and

torsion heads was placed in a horizontal-tube,. wire-wound furnace,

ens were heated to the test temperature and allcwed to soak’
at tempcr.nture for two hours, After soaking, the temperature distribution
along the specimen was stPrmmcd In the specimens tested during this
period, a maximum temperature variation of 30 F was noted. This variation
arose from the cooling of the torsion ‘heads.. The temperature was found to
decrease from the center of the spec1men outward.

;I‘}lon specim

After the temperature diStribution had been measured, the specimen
This was carried out at a predetermined rate of

was twisted to fracture,
0.0427 radian per minute, which corresponded to a principal strain rate of

0.0027 inch/inch/minute. The temperature in the center of the specimen
and the torsion- -dynamometer strain at fracture were recorded. In addition,-
the atmo.;,;herxc pressure and the dry—hulb and wet-bulb temperatures were
measurcd in the vicinity of the spec1men. These tesats were: congucted in air.

The results of thc t2sts on the four titanium carbide K151A specimens.

are given below:

s{,c(;,hﬁen No. ' Test Temp, F Stfexx_éth2 psi
2-1 | 1300 59, 000
2-5 | 1300 55, 000
2-12 ' P 1290 58, 000%
2-13 1300 | 41, 300%

® A smnall flaw was found in the fracture suiface,

The strengths of these specimens were considerably below the average
strength, 97,800 psi, reported for specimens of this lot tested at rocm
temperature (see Table 7, WADC Technical Report No, 52-67). When these
data are compared qualitatively with modulus-of-rupture data obtained by
the National Advisory Committee for .‘\eronautics(3 ,), the two sets of data
are found to be in relative agreement, These results serve to vérify the
statement made earlier that K151A is not a profitable material for investi-
gatior{ due to its tendency to contain objectionable flaws, Nevertheless,
theece data scrve to substantiate the observation that temperaturc affects the

strength of ceramic materials,
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TESTING METHODS

Size-Effect Compression Tests

The quantitiés desired from the size-effect compression tests on

plaster were Young's nodulus, Poisson's ratio, and the compression

strength, llowever, the values of compressinn stzcngth observed were
felt to be of doubtful val: dity because of end effects, as described earlier in
this report, : '

In the measurement of elastic properties, the considerable size dif-
ference between the No, ! size and the No, 5 size made it necessary to
use different sizes of gage. Different types of gages were employed in an
effort to cover relatively the same amount of surface area, The No. 1-
size sp?cxmen wasg too small to ‘mount the four gages necessary for the
simultaneous measurement of Young's modulus and Poisson's ratio. As a
consequence, YAr')ung 3 modulus was obtained rrom two of the small speci-

‘mens in each batch and Poisson's ratio was obtamed from the remaining

simall specimen,

In the preparation of the two No, 1 specimens used in modulus deter=-
mi.mt;ons, three A-7 type SR~4 strain gages were cemented at 120~ degree
mtervals to the c,'lmdncal surface ot each specimen. These three gages
were used to secure axial alignment in the test, Only two A-7-tyre gages
were cemented to each of the small specimens used for Poisson's-
ratio measurements. These two gages were mounted on the same vertical -
element of the specimen, one above the other, but with their axes per=-
pendicular,

In the preparation of the large, No, 5-size specimens, it was pos-
sible to measure Young's modulus and Poisson's ratio simultaneously on
the same specimén. Three A-5-type strain gages were cemented to the

~specimen at 120-degree intervals and a fourth "transverse' gage was

mounted perpendicular to one of the {hree "longitudinal" gages, The
mounting of the transverse gage can be seen in Figure 20.

After the strain gages had been cemented to all of the specimens of a
batch, the entire batch was returned to the curing oven and kept there '
unitil about 12 hours prior to testing. At that time, the entire batch was
taken from the oven and placed on the bed of the testing machine, This.
procedure was used in an effort to permit the specimen to adjust to the
surrounding atmospheric conditions before testing,

In testing the two sizes, 3 thicknesses of paper were placed between

the specimen and each of the hardened-steel ccinpression pads, The speci-
men was loaded to just above the maximum load to be used in determining
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" the modulus of clasticity. ‘The load was removed and the cycle repeated
three times {or the purpose of prestraining the SR~4 strain gages, (15)

Then the specimen was aligned and loaded in increments to a stress
lé-ve‘ of about 1500 psi, reading each strain gage at each load level, The .
G loading was continned above 1500 psi in 2000~ p31 increments until fracture, |
‘ _ ‘The loading during these latteér increments was carried out at a calculated -
! strain rate of about 0. 0045 inch/inc h/minute. In the loading of the amall,
) No. 1- alze specimens used for obtaining Poisson's ratio, the alignment
T " could not be checked accurately, since only one longitudinzal gage was used.
g ) In this case, the loading was adjusted to produce the same indicated strain
in the longitudinal gage as had been obtained previcusly in those No. 1
specimens with three gages, Alxgnment was a less serious problem in the
case of Poisson’s ratio specimens in that superposed bending should have
a negligible effect on the ratio of two sirains from gages on the same

vertxcal element,

RPPHI [RA  Sr ROI DUPRIy

'Along with the various values of load and strain, the room- :

temperature (ary-bulb) and the wet-bulb temperatures in the

b specimen were recorded during each test, The barometric presgsure also
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was recorded,

BV A P I TS I

Size-Efifert Tension Tests

i . The »rocedure for conducting tension tests on the No, l-size tension

specimen was similar to that for testing the Hydrostone size-effect com-

D _ pression specimens, After a No, | tension specimen had been in the curing

. : “oven for 10 to 12 dayc, it was removed, if necessary, for mounting SR-4
strain gages, Since cnly one tension specimen could be cast {rom each batch
of plaster, the specimens could be rerhoved from the oven individually,

e B 0 s ot e B

Two SR-4, Typc'A-'_/', gnges were used on each specimen from which
: ‘modulus of elaaticity data were desired. These two gages were cemented
. to opposite sides of the gage section, In the case ¢f those No. 1 specimeans
L : from which Poisson' s-ratio data were desired, Pois son's ratio was meas- _
e ured pding small, Type A-19, SR~4 strain gages. Two A-19 gages were p
= o cemented transversely below two A-7 gages cemented longii\idihal}y to the [
;f? gz{ge section, Even with the use of these small A-19 gages (1/16~inch gage '
‘ : _ length), a portion of the lead section of each A-19 gage could not be
. cemented to the specimen, The lead end of the gage extended beyond the

: ‘ edge of the specimen,

-

SR LTS RO AP

’ o Before using these gages, it was necessary to determine whether this

! unique mounting changed their gage factor, To do this, two A-19 gages of
the same lot were mounted on the tension surface of a large No, S5-size
bend specimen (see Figure 7). Both of these gages were mounted trans-

_ verse to the principal tensile strain, One gage was mounted exactly as the
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transverse gages on the tension specimen, that is, with part of the gage
hanging freely over the ed'ge. The second gage was mounted alongside the
first, but it was turned 180 degrees, so that the entire gage could be
cemented to the spécimen. The specimen was loaded and the strain

. measured on three different Baldwin strain indicators, Five elastic runs
were rnade with each combination of indicators, The strains from the two
gdges were found to agree within 1 per cent, indicating that the gage factor
was not changed by cementing only the active part of the gage to a sypecimen,

In the case of the No. 4 tension specimen, Type A~5 gages were ,.
used for measuring strains; otherwise, the treatment of No. 1 and No. 4
tension specimens was identical, o ‘ ’

In conducting the tension test on the No, l-size spc;imen, the speci~
men was placed in the testing machine (Baldwin Southwark 60, 000-pound=-
capacity Universal Testing Machine) and aligned. ' An initial load of 15
pounds was used to maintain alignment,

The No. 1 specimen (if it had strain gages on it) was loaded then to
slightly above 40 pounds (650 psi) and unlcaded to 15 pounds, This zycle
was repeated three times to prestrain the gages before making a recording
run. Then the load was applied at a slow continuous rate and the strains
recorded, The load was then lowered to abuut 30 pounds and rcapplied at a

calculated strain rate of about 0. 0045 inch/inch/minute until the specimen
fractured, .

Size-Effect Bend Tests

A strict procedure was employed in the testing of these bend speci-
mens, After a large, No. 5-size specimen had been in the curing oven for
10 to 12 days, it was removed and SR~-4 strain gages mounted on it, A
total of four strain gages was mounted on cach specimen, two gages on
each of the top and bottom suifaces of the gage s:ction. Onc of each pair
of gages (longitudinal gage) was mounted parallel to the long axis of the
specimen, and the cther gage (transversc gage) was mounted perpendicular
to the axis. The longitudinal gages imneasured the major tensile and com~

' pressive strains, while the transverse gages measured transverse strains,

In testing the No. 5 bend specimen, the specimen was placed in the
bend jig (sce "Bend Test Loading Apparatus') and loaded to slightly above
the maximum load useq in elastic determinations. The specimen was un-
loaded and the cycle repeated three times for the purpose of prestrain’ag
the gages. Then the specimen was loaded at a slow continuous rate to ap~-
proximately 550 psi and the strain recorded at regular intervals, At least
thrce of these runs for recording elastic data were made on each No, 5
specimen. Following the last of these runs, the specimen was loaded at a
strain rate of 0, 0027 inch/inch/minute (predetermined from tests on trial
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specimens), The load and the maxiinum tensile strain at fracture were
recorded., ' h

A slightly different procedure was foliowed in the preparation and
testing of the No. l-size bend specimen, Uue to the extiemely sr.all size
of the gage section of this specimen, it was impossible to mount both a
longitudinal and a transverse gage on each surface of the gage section,
There was room only for the longitudinal gages, As a result, Poisson's:
ratio was not obtained from the tests on the No, l-size bend specimen,

Pricr to testi..»gAthé No. 1 specimen of plaster, a steel specimen of
similar size was placed in the No, 1 bend jig. (This jig is shown'in Figure
23 and discussed in detail later in this report ) The jig was cycled four
times to a load considerahly above the anticipated fracture load of the

~plaster specimens in order to stabilize the dynamometer system of the Jig.

Then the steel specimen was replaced with a plaster Qpec1m~n, the elastzx.
da‘a obtaired, and the specimen loaded to fracture at a
0.0027 inch/inch/minute (predeterimined by iesis on irial spcr;mens}.

The

_dynamometer load and the machine load (as a check) were recorded at

fracture, along with the fracture strains,

The dry-bulb and wet-bulb temperaturss and the atmospheric pres--
sure in the vicinity of the specimen were recorded during each bend test,

Size-Effect Torsion Tests

A special loading machine was used for loading the torsion specimens,

‘This lathe-like machine permitted the application of a torsional moment

to the sizc-effect specimens (see Figure 7, AF Techmcal Report No. 6512),
This machme was described in the RAND Report R-20%, dated August 31
1950, on "Mecharical Properties of Ceramic Bodi¢s',

The torsional moment was applied to the plaster. size-effect torsion
specimens by means of sgecial torsion heads or grips. One of these heads
served as a torsion dynamometer for measuring the torque applied to the
A special set of heads was designed and cons‘tru‘cted for the
Thre operation and calibration
ribed in detail later in this

specimen,
No. 1- and the No, 5-size torsion specimens.
of these torsion heads and dynamometers is desc

report,

The strain gages on each dynamometer were prestrained prior to
testing to insuré proper operation., Then the No. ! or No. 5 torsion speci-
men was placed in the torsion heads, which had been fastened to tle moving
and fixed heads of the torsicn machine., In tiicce tests in which no elastic
Cata were obtained, the specimen was twisted immediately to fracture at a
rate of 0, 127 radian per minute, :
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s The twict rate, 0,127 radian per minute, was determmed from
eXperxmerrs on trial No, b~ size specimens, On these specimens, a strain
gage was pluced on the gage section at an angle of 45 degrees to the axis,

g Hence, when the specimen was twisted, the strain gage was in a position to

A measure the principal tenaile strain in the specimen, Theun the external
I § g . twist rate was ad_;usted to give a principal strain rate of 0, 0027 inch/inch/ .
!

minute. This was the pr‘lnclp?l ctrain rate used in all the other size-effect
tests on plaster except the compression tests,

This same t'vist rate, 0. 127 radian per minute, was used in testing
both the No. 5~gize and the Mo, l~zize torsion specimens., Since it was
impossible to cement strain gages to the No. l-size specimen, it vvas as-
sumed that the principles of similitude held. By'these principles, both the
No. 1- and the No. 5-s.ze specimens should have thc same twist rates for
any given principal strain rate,

. As pointed'out earlier, elastic data were obtained from the large,
No, 5-size specimens only, These data consisted of deferminations of the
modulus of rigidity of these specimens,

ot ad B W a4 e B0 & L g bR
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» ' Prior to testing, the No. 5-size specimens were removed {rom the

curing oven and allowed to cool. Two small silvered mirrors were

B cemented to the gage section of the specimen 5 inches apart, (Figure 6 of
AF¥ Technical Report Nao, 6512 shows two such mirrors mourted in a
sirnilar manner on a titanium carbide specimen. ) Then the spec1mens
were returned to the dryer,

R N
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In the test, each specimen was placed L: the torsion heads with the
planc of the mirrors vertical., Then a higa-intensity lxght sonurce was
placed in front of the mirrors, This light source was enclosed in a light-
proof box equipped with a camera shutier and a lens s'ystem. A film holder ’ 1
contalning a piece of 8 x ll-inch film was placed in such a position that the :

reflected images (one from each mirror) of the light source would fall on
the fiim if the shutter was open,

.9

i
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At this point, the torsion dynamometer was loosened from the fixed
head so that the specimen could be turned by the driving head without .
applying torque to the specimen, Then thé vertical movement of each of :
the reflected images on the film was calibrated against a known rotation of '
the mirrors. Tne cr hbx atxcns and the torsion tests for elastic data were
) - carried out in a room that was lightproocfed so that it was essentially a

darkroom. In this way, the positions of the reflacted irnages of the mirrors
could be photogra, ":ed.

L

~ar

At the beginning of the torsion test, the driving head was turned
. manually until the strain indicator on the torsion dynamcmeter indicated
that torque had begun to be applied, The lights in the room were turned
off and the image positions photographed, The driving head was turned
. then until a predeterimjned increment of torque had been applied. The
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shutter was tripped again and tke proces: repeated t‘xroxigh seven incrernsnts,

ths entire process was repeated four times Lo give four elistic determi-
nations.. After the final ruu, the specimen was twisted to fracture at the
desired strain rate, The torsior.al moments were measured in the same
. manner as in the testing of tke nther large torsion specimens,

Uponbcon'qpletion of the teﬁt', ih_c film was d'eve'lopf)d and the. distances
between the pinpoint images were mrasured wih an optical ccmparator,
The difference in movement oi the images cf the two mirrors was converted
iuto torsicnal sirain, The rﬁoou)ua of riyidity was determmrd as the slope
of the curve of shear stress versus shear strain,

The dynam'ometcr reading was recorded at the instant of fracture in
all tests on the No, l- and No. 5- size torsion specimens of plaster, The
torsional moment at fracture was determined from a calibration of the
dynamonieters, The dry-bulb and wet-bulb temperatures and the atmos-
pheric pressure in the vicinity of the specimen were recorded durmg each
test,

Corabined-Stress Tests

) After a bjaxial specimen had béen cured for 12 days, it was removed
from the curing oven and SR~4 strain gages were mouated on the outside
surface of the gage scction, Six strain gages were mounted on each speci-

" men, three in the direction of the axis of the cylmder and three transverse
to the axis, The gages were mounted in pairs, one axial gage and one-
transverse gagé-, at 120~degree intervals around the circumference of the
gage section, The orientation of these gages is illustrated in Figure 17, .
After the strain gages had been cemented to a specimen, it was returned to
the drying oven and kept there until about 12 hours prior to testing. At
that time, it was placed on the bed >f the testing machine so tha’ it would
adjust to the surrounding atmospheric conditions before testing,

The first step in the testing was to determine the elastic constants,
the modulus of elasticity and Poisson's ratio, To do this, the specimen
wag placed in a Baldwin-Southwark Universal Testing Machine and loaded
axially in tension through the tension adapters of the spécimen by imecans of
tension grips made up of chain links, These chain-link adapiers, one end
of which fastened to the head of the machine, helped to maintain axiality of
loading.” The specimen was loaded to just above the maxi:num load to be
used in the elastic determinations, Then the load was removed and the
complete ¢ycle repeated three times., This process was carried out for the
purpose of prestraining the strain gages,

Following the third prestraining cycle, the specimen was loaded at a
continuous rate Lo a stress of about 300 psi, Readings were taken on all
three axial gages and on onc transverse gage., Then the load was removed
and the loading cycle repeated. 2t least three times, so that four loading
cvcles were available for elastic determinations,
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Following the last elastic run,. the spécimen was removed anl atlached
to the pressure-lcading system (see Figure 36). " Eich strain gaye was con-
nected to a separate strain indicator to permit the simultaneocus reading of
all six strain gages at fracture. At this point, the specimen was loaded at
a ~ontinuous rate to an internal pressure of 100 psi, the pressure removed,
and then the entire cycle repeated three times to prestroin the SR-4 gages,
Then the specimen was loaded at a_slow continuous-pressure rate and
‘train reudmgsi were taken sirrult‘zmeéusly every 10 psi. At the same time,
the pressure was measured by medns of strain gages on the Bourdon tube
of the 0-300 pressnre gage. After reaching a pressure of 100 psi, the

press\n‘e was released and the complete cycle repeated at least three times,

At the end of the last cyrle," the pressurc‘ in the speumen was increased to
100 sz and the loading valve closed. The accumulator was pumped to 300
psi. Then the loading valve was opened to a predetermined and prccallbrated
.settinyg to give a pressure rate of about 1100 psi per minute, This pressure
rate was calculated from a desired principal strain rate of ¢, 0027 inch/inch/
minute, the strain rate used in the size-effect tests on Hydrostone plaster.
As the pressure increased, the strain rate on one of the transverse strain
gages was measurecd, All the strains and pressures were measured at the

"instant of fracture. In addition, the dry-bulb and wet-bulb temperatures

and the atmospneric pressure in the vicinity of the specimen wure recorded
during each test,

In the case of specimens fractured under tension loading, only three
longitudinal and one transverse gages were used. These specimens were

fractured following the last elastic determination, by loading in tension to

fracture at a measured strain rate of 0.0027 inch/inch/minute, This strain
rale was obtained by trial measurements on each specimen 1mmed1ately
prior to testl..g.
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DEVELOP!? “..N”' O EST EQUIEMENT

One of the secondary ob_]ectwes of this investigation has been the
development of precise techniques for the procurementa of fracture data,
During the period of this report, considerable effort was directed toward
the development of proper test apparatus,.

Bend~Test Loading Apparatus

The effort made dur ing this pericd to obtain more prccise bend data
was descnbed earlier in 'his rcport Durmg paat periods of reeearch, a
great deal of dxfxiculty was experienced in obtaining precise bend data,
The dltcrnate bend-test specimen cevelopeo during this period for the size-
etfect program waa a partial sclution to the problem of extraneous friction
forcey,

A loading apparatus similar to that descand by Frocht(‘w) way
des:gned for the loading of each size of this specimen, By virtue of its
design, this type of loading &pparatus eliminated practically all the
frictional forces at the points of loading. The specific jig uced for loading
the smallest, No. 1-size alternate bend-test specimers of Hyd;-oatone is
shown in Figure 23, With this appareatus, the load wasg applied through wire
cables which were attached by adapters to the heads of the testing machine,
The usé of wire cables helped to assure axiality of lcading. The links of
this jig were free to rotate under the application of load. Strain gages
cemented to the bottom horizontal bar were employe? ae a dynamometer
system for the measurement of load, Such a system was neccssary since
thé load dial of the testing machine was not suﬁmlcntly sencitive toc record
fracture loads with the accuracy desired, '

‘ The jig for loading the largest, No. 5-gize alternate bend sp_ecirhen
. was similar to the one uscd for loading the No. l-size specimen. As in the

casc of the small jig, the load was applied through wire cablrms, Strain gages

were not uscd for measuring the load, since the loads were iarge enough to
obtain suffxczent accuracy from the load dial of the tcstmg machine, This
loadmg apparatus was altered slightly for the strain-rate tests on the No, 5
bend specimens, by replacing the wire cables with chain-link adapters, so
that the antxcxpated }ughcr loads coald be obtaincd.

_I;,oadihg Syeterns for Size-Effect Torsion Specimens

In order to load the No. 1~ and No, 5-sizc torsion specimens used in
the size-effect program or plaster, it was necessary to design torsional
grips for twisting these specimens, These torsion grips or heads are
shown in Figure 24 and Figure 25, The flange of each head w.s designed to
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FIGURF. 23, LOADING APPARATUS FOR NO. 1-51ZE
ALTERNATE BEND-TEST SPECIMEN
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festen to the moving or fixed heads of the torsion machine, Each head was f "
machined with a square recess into which the shoulder of the torsion speci- B ¢
men was fitted, ' .

nad with a reduced or "necked-

One torsion head of cach pair was toaedhi
Four SR-4 strain gages were cemented to this reduced

AL deare g

down'' section,
section with the axis of each gage at 45 degrees to the axis of the torsion

head. These gages were oriented such that, when torque was applied to the _ : ‘
‘head, two of the gzges measured the principal tensile strain in the shank and "
“the other two measured the principal coinpressive strain, The two pairs

»f gages were connected to opposite arms of a sirain indicator. The strain
from each dynamorieter was calibrated aga:nst a known torque. The dyna-
mometer for the No. l-size specimen is at the left in Figure 24, and the

dynamometer for the No. 5-~size specimen is al the right in Figure 25,
The torque at fracture for the No. 1- and No. 5-size specimens was
, _ g

determined from these dynamometers,

Biaxial Test Specimen

A biaxial specimen was developed during this period in an effort to
extend the study of the effect of stress state cn fracture (o more complex
and realistic states of stress, Essentially, this specimen, illustrated
schematically in Figure 26, was a thick-walled, hollow cylinder which
could be subjected simultaneously to an internal pressure and an axial
tension or compression, The hollow plaster specimen was formed by
casting about an internal asseinbly, The key part of this assembly was a
metal sleeve which acted as a form for the internal surface of the gage i ,
section. This sleeve was made of a low-melting alloy which was melted 5 -
out of the specimen {with warm water) after the plaster shell had hardened.
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In the internal assembly, the metal sleeve was h=ld in place by
hemispherical caps of brass, These caps were split so that the rubber inter-
layer, a cylindrical tube of surgical rubber, could be fastened over the
metal sleeve. In addition, these caps were constructed to permit the attach=~
ment of tension-loading adapiers, Figure 27 shows an exploded view of

this internal assembly, including the tension adapters, It should be noted
that one end of the assembly has a central hole t'hrough which the metal
from the sleeve cculd be drained, and through which the hydi‘a;.ilic fluid was

In addition, one of the tension adapters acted as a pressure
The final product,
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admitted,
Figure 28 shows the entice internal assembly,

fitting,
the plaster biaxial specimen, is shown in Figure 29, ! 3
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INTERNAL ASSEMBLY FOR BIAXIAL SPECIMEN
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The sssie o used to supply hydraulic pressure to the biaxial speci-
men is shown .n Figure 30. The sprcimen was loaded by the hydraulic
pressure sup splied from an accumulator Lnrougn a valve., The pressure in
the accumulator was built up by means of an aircraft hand pump. Oil was
supplied to the system from a reservoir,

With the unloar‘mg valve and leading valve closed and the accumulator
valve open, the pressure in ‘the accurnulator was pumped to a pr cdetermined
value and the a*cumulator vaive closed, Thc specimen could be loaded at
any rate then by opening the toading valve a predetermined amount, The

pressure in the spec1men was relieved by opening the ‘unloading and loadmg
vaives, .

In order to measure the pressure in the specimen at fracture, strain
gages wer= mounted on the Bourdon tubes of the 0~ to 300-psi pressure

gage. These stram gages were calibrated with a dead-weight tester.

All the biaxial gpecimens tested under pressure during this period

were loaded with this apparatus, Designs were completed during this
period to replace the hand rump with a ,notor-driven pump to maintain a
constant accumulator pressure,
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APPENDIX I
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3

REPARATION OF DATA

Size~-Effect Compression Data on Plaster

A specific procedure was used in the calculation of the various data
from the size- -effect compression tests.. In the case of the amall, No. 1=~
size compressiou specimen, &ll strain data were calculated taking into
consideration the effect of the transverse sensitivity of the strain gages.
For those No. l-size specimens that had only one longitudinal and one

ey
e B B B )

’ transverse strain gage, the longitudinal strain, (], was calculated from

: the cquanon(lb) _

A; .[ T : | S ‘VOK ’
i Tveall (N B (20)
i : '

! i where

§ F v, = constant = 0, 285, |

% : K = constant depending on the type of gage = 0.01 (for A-T7 gages),

: €41 = value of indicator strain on the longitudinal gage (in. per in.),

€22 = valuz of indicator strain cn the transverse gage (in. per in.).

0 750 S i A (8

The transverse strain, ¢;, on this specimen was calcu'ated from:

—rtpn et o s L
- B -
[U— RPN

l- VGK ‘7
‘22T a2 Koy - (21)

Y.

It is important to point out that the use of Eguations (20) and (21) demands
i  careful consideration of the sign of each term involved, particalarly the

: sign of the indicator strains. In compressicn, ‘a1 is negative and ¢,

is positive. In tension, ¢;; i3 positive and ¢, is negative.

[y

The nominal compression stress, ¢, was calculated from:

v o A G T 0 A Ll B LN
- — . .
b,

a z{: (psi) , (22)
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where:
P = axia‘x-compressiye load, 1b,
A, = original cross-sectional area, sq in.

The "true"‘ longitudinal strain, 4, ba.fzed on the concept of '"true stress

and true strain', was calculated, where necessary, as:
b= In(l+ ¢) . | (23)

The transverse "true' reduction of area, q', was calculated as:

a' =21n(l+ o) . (24)
For values of- q less than 0. 001 in. per in., 8 and ¢} are equivalent for
21l practical purposes. Similarly, for va than ©.00! ia. per
in., q' is equivalent to 2 ¢,. In most instances, in the calculation of data,
the difference between the "true!' strain and the "ordinary' strain was too
insignificaant to warrant calculation of ""true" strains.

o af ¢

oo
AT3 &2 LS

In the calculation of Poisson's ratio, a plot of nominal stress, o,
versus "true" longitudinal strain, ¢1» was constructed and the slope, El’
of this curve was determined. A plot of ¢ versus '"true" reduction of area,
q', was constructed also and the slope, E_, of this curve was determined.
Then Poisson's ratio, v, was calculated from the equation:

: (25)

b -
a.

The validity of Equation (25} ie immediately apparent for strains less than
0.001 in. per in., since '

{4
Eja—r— ,

a1
and
E un-=x Aa .
1 a zcz
Then:

(26)
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: For values of strain greater than 0.00} in per in., Eguation (25) is still
<1 B valid in that: :
& o\ o
: . ' }
=1 8 ‘-1__(_'_1)_:19;'=M1_+_:¢)
E ‘ ?-(_g_ 2"‘1 ln(l+ll) )
3 g . ql
g Where:
S 23 4
1 i 1n(1+,.)=¢2-—-5+——2-—-—£+.
¢ 2 3 4
1
Z l (Zl lz (‘:
1T b+ q)= q-gm by ot
]
‘ 1 then:
2 3 4
\l‘ [ 4 €«
f .2, 2 _ 2
SR I N 2
P Ve z 3 4 =
N . (1' ‘l ,l ll
(] <=t -+
. 177273 "4
v 1

where, for values of ¢) and ¢, as high as 0.1 in. per in., it is within
experimental accuracy to drop all terms of higher order.

ik AL B 1 den s chnf S b

The '"true" stress, o', was calculated as:

il o PR — T

' P . ' .
. * Fagp sl (27)
where: | Ap ='"true" area = (1 + ¢Z)ZAo(sq in.).

Foc those No. l-size compression specimens which had three longi-
tudinal gages, the longitudinal strains, 1> 3 and ¢4, were calculated’
from the equations:

RN ST ETCRE PP 1T & QTR EIs. D

PRI
- MJ".-MF—’:L‘:’Q““
me e B o B T o

i ! ! - v K
j - ¢y = (‘-—-—--—31—-1 — ) als (28)
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A 1 - voK . . '

L (T - :K-) ‘a3 ? ' v . (28a)
1 - vgK . .

‘4’-‘(1-ux) ‘at ’ (28b)

where v was the value of Ppissc:n' s ratio determined f_rom the No. i~size

compression specimen of the sawe batch,

The avera'ge iongitudinal strain, ¢, w4 determined and used to
calculate, where desired, the avcrage longiiudinal true strain, 8., from

the equation:

In (1 +¢) | , (29)

Qn
it

Stress~-strain curves w=re drawn for these specimens with three
gages by plotting stress, ¢, verasus average longitudinai strain, (.
Tke modulus of elasticity, E, wasn determmed then as the slope of the
stress-strain curve. Compn.sdmn strengths were calculated, where pos-

sible, from Equation (27) above,

In the case of the larger, No. 5-size compression specimens, the
data were calculated using essentially the same procedure and formulas
as were used for calculating data for the Nu. l-size specimen. The value
of the constant, K, in Equationa (20), {(21), (28), (28a), and (28b), however,

“had a value of +0. 035 (for A~5 yny#«s).

As three longitudinal gages and a transverse gage were mounted on
each of the Na. 5 specimens, it was possible to obtain both Foisson's ratie

and Young's modulus from each specimen. . Hence, ihe value of v used in
Equations (28a) and (28b) was thal valuc determined from the same speci-

men,

Size~Effect Tension Data on Plaster

The testing procedure for conducting tensioa %ests on the smallest,
the No. l-size, alternate teusion snpecimen was essentialiy similar to
that for compression testing. The data obtained from the tension test of
*s. l-size specimens of Hydrostune were calculated in a somewhat dif-
- ferent manner from that used in the calculation of data from the size-effect
compressicn specimens. The strnins observed were so s aall, even at
fracturs (about 550 microinches prr in.), that the magnitude of the
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cerrection introduced by using strain rclatxons'simi!_ar to Equatiun {26)
Cwoas within experimental error. In yiéw of thiz fact, the indicator strains
recorded cduring the test were used directly as final data. ‘Also, stresses
were calculated on the basis of the original cross-sectional area. Young's
moduius was determined from a plot of this stress versus average indicator
strain, ’ ’

In the -alculation of Poisson's ratio, a plot of nominal stress, ¢,
versus the average indicated longitudinal strain, (a]? W3S constructed and
tane slope, E, of this curve was determined. A plot of v versus the aver-
age observed transverse strain, ¢_,, was constructed also and the slope,
{3, of this curve was measured, then Poisson's ratio, », was calculated
from the equation: ‘

<
il
mio

. | (30)

A value of , was calculated for each elastic determiration and the average
waiuge reported.

The data obtained frem the large, No. 4-size alternate tension

specimen were calculated in the same manner as the data for the No. 1~
"size tension specimen,

Size-Effect Bend Data on Plaster

The strain data obtained from the No. l-size bend specimens were
zaleniated without consideration of the effect of transverse sensitivity,
&% in the tension tests, the strains observed were teo small to warrant
correction. In addition, since it was impractical to measure transverse
strains on the No. l-bend specimen due to its smail size, no corrections
couid be made, In these tests, Young's modulus, E, was deterrnined {for
each surface, tension and cbmpression of the bend specimen. Here, F
was calculated as the slope of the plot of the nominal bena stress, 7 b
versus the indicated longitudinal strain, The nominal bend stress, h
was calculated from the expression: :

o = 3Pc (3”
b~ T 5 )

where ¢, b, and d are defined in Figure 7, and where P was the total axial
load.

The strain data from the No. 5-size bend specimens also were calcu-
iated without consideration of the effect of transverse sensitivity. Young's
modulus was determined for the No. 5 specimcen in exactly the same manner

as for the No. l-size specimen. Poisson's ratio was calculated for the
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No. 5 bend specimen in the same manner as for the large tension specimen;
that is, using Equation (30). A value of Poisson's ratio w3s obtained for
each surface, tensiaon and compression. " The nominal bend stress, oy

was used iu these calculations.

Size-Effect Tersion Data on Plaster

- The strain data taken from those tests on tne No. 5 torsion fpecimen
for the purpose of determining the strain rate wcre not corrcéted for trans-
verse sensitivity. - The modulus of rigidity, G, obtained frsm the tests on
the No. 5 torsion specimen was determined as the slope of the curve of
shear stress versus shear strain; that is, the slope of the plot of the shear
s:tress,' or (Equation 1), versus the shear strain, Yxy* The shear strain
was calculated by means of the rclation:

04d _
Yy = S57- ’ ) (32)
Y 2L .
where:
d = diameter of specimen, inches, ‘
L. = distance between mirrors, inches,

- 0y = angle of relative twist between mirrors, radians.
In the tests on the No. 5 torsion specifnen, a value of L = 5 inches was used.

The value of G reported for each specimen was the average of the slopes
of at least three such plots. '

Size-Effect Compression Data on Porcela:in

The elastic data determined from the size-effect compression speci=-
mens of porcelain were calculated in precisely the same manner as the

* data from the compression specimens of plaster.

Combined-Stress Data on Plaster

The rnethod of calculating the data from the tests on the biaxial-
stress specimen of plaster is described in detail in the body of this report.
It thould be sointed oui again, nowever, that Equations {2(; and (21) were
used to correct all observed strains for transverse sensitivity.
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The method of calzulating the strain data and fracture data from the
strain-rate tests conducted on size-effect specimens of plaster is described

in detail in the body of this report.
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S’IATIS'I‘ICAL TREATMENT OF DATA

The data obtained from the tests conducted during this period were
o‘ganmed and treated in a specific manner. In the treatment of all these
data, it was necessary to assume that the data from any one observation
or test were subject to statistical treatment. Hence, the most probable
value of a measured quantity was assumed to be the arithmetic mean, X,
of the N measurements, X, X,, X3, --+ X, -+ XN, or the quantity:

X1+XZ+X3">‘+X‘,"'+XN-lxn i
an? - &Y - N . (33)

After the deviations from the mean, x, = X, ~ X4,, were obtained, the
epproximate values of the standard deviation, a, of a single cbservation
and the probable error, P,, of the mc¢an were determined.

In the trecatment of standard-deviation data under Weibull's theory,
Equation (34) was found to be appropriate as a definition of the standard
deviation:

X, - Xg)?

2 -
a - : (34)

All standard deviations appearing in this report were calcuvlated according
to Equation (34).

In this report, all probable errors have been computed on the basis
of the principle that 9 out of every 10 observations should fall within the
limits Xy, = Py, and Xm t Po: that is, on the basis of a probability of 0.90.
Then, according to this concept, the probable error, P,, of the mean of
a series of observations mray be defined as:

Po =+ fla ’ ’ (35)

where a is the standard deviation as defined by Equation (34), and fis a
constant depending on N. For values of N greater than 25, [} is approxi=
mately equal to
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,l._' 642- {approximately} . ‘ (36)
vV n - . .

Values of 3 for N leqs than 25 appcar in Ta ble II, Supplement A, of the
"ASTM Manual on Presentauon of Data'', (4
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WEIBULL'S STATISTICAL THEORY OF STRENGTH

[

L L i ot

L}

e ot e Ao i T OB AT RNT K R S AT PN T G e VIR v e e

€ %

e — - -

e LGN D S I OTY 4% AEEEEL TV GO FIYE ¢

ooty o (amyy '.ivl [T

P

» o e,

S N

s A

B s e ST i

e e

FuUmmIT AT

T T R g e

AT L Wi AL e 3

SERUT R,




.

P n b B e b b e U 3 b

i s

P A S A RS I L

P —

i it
[RRNE T e £ S e,

 —

s B s Sty B S 0 vt
- .. .

5.,

§

i
1

3

© U e g wh

] Jorviing, | :

ey

L et WA G L T BB T g SRV T e A e e

-1 » WADC TR 53-50
.APPENDIX 11

WEIBULL'S STATISTICAL THEORY OF STRENGTH

Weibull's theory is founded on the fact that no material exhibits a
unhique fracture qtrength I 100 scemmgly identical specirnens were bro~
ien in identica :1ly the same way, it is quite possible tiiat no two would
fracture 2t the same load. Instead, they might break nver a wide range of
loads; however, the greater portion most prebably would fracture within a
narrow range of loads. Intuition would lead us to believe that the strength
of a material might lead 1t:>e1f to statistical treatment. This is precisely
what Weibull has dorne. '

Suppose we take a chain link and pull it until it breaks. We know
already that if we break. six more links from the same chain, they will not
all br:.’\l' at the same load but we can predict that a certain proportion of
the rext six will have broken by the time we reach a certain load, P. In
other words, we can predict a definite 50-50 or 40~60 chance that they wili
be brokcrl at the load, P. '

Instead of breaking one link at a time, suppose we fastea two links
togétlxgr and break the combination. Now.taere is a greater chance that
the combination will be broken at the load, P. I we had a chain, or a
thousznd such links, each with a 50-50 char. ¢ of being broken at the load

| S

P, at least one of thése links is almost certain to have broken by the time
we raach P. Thus, the longer we make the chain, the greater is the Lhance

"that 1t w111 be broken when we reach the u.md P.

Now let us 1r-ag1ne a tension specimen to be made up of a nultitude
of fxbers, each acting like a chain. We can see that, when a uniform load

~is applied to the specimen, each of these fibers will have a certzin proba~
bility of breaking, depending on how long it is. If each fiber has a 50-50

chance of breaking by the time we rcach P, and there are 100 Iibers, then
there is a greater than 50-50 probability that one ‘nf these fibers will be
broken when we reach the load P, We can see now that the larger a speci-
men is, the greater is the chance that it will brcak at a certain load., We
can say now that the rrobability that a specimen will break at a load is a
function of its volume,

Suppose that we take two identical links and pull one with a force P
and the other with a force 2P. If either were to hreak, it is obvious that
the probability is much greater that the latter will be the one, This same
argument would apply to two chains. Now we sce that the probability or
the odds that a specimen of fibers will break depends on how heavily each
fiber is loaded.
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Y/e know that, if there is a 40-60 chance that a fiber will be broken
by the time the load P is reached, ihere is zlso a 60~40 chance or 0. 606
probabllxty that the fiber will not break undecr a load P. But what is the
actual probability that & certain fiber will withstand the load P, and how
is this probability related to the size of the fiber? The answer to these
qaestmns is the crux of Weibull' 8 theory, Weibull has assumed that the
prcbabxlltv of a fiber's withstanding a load is related to the volume of the
fiber by a certain functlon, which he calls the material function. (This is
equivalent to the assumption of a distribution function.) He assumed further,
‘quite logically, that the probability ‘of fracture is related to the load on the
fiber. The success of this theory depeads on how well the assumed ma-
‘terial fanction fits the a<tual material.

if, for example, we consider the experimental strtngths obtamed
from a series of specimens, we will find that there is a definite relation~
ship between thne probability that a specimern will fracture and the stress to
which it is subjected. This relationship is often called the distribution
function of the strength. The No. 1 cension specimen, the No. 4 tension
specirnen, the No. 5 bend specimen, and the No. 1 bend specxmen e:ch has
a unique distribution fur :ion. In other words, the distribution function is
dependent upon the size and design of the specimen. A typical distribution
curve of strength is shown in Figure 31. ' '
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These concepts can be used to show that the mean strength of a set
of specimens (i nir Figure 31j is equivalent to tHe first moment of the

_distribution about ¢ = 0.

Using this concept of probability, Weibull has defined the fracture
strength of a brittle materia!l as;:

e

] = » uds ’ . (37)

m

o]

where o denotes the stress state in a body and S is the probability of
‘rartuze s havmg occurred whcn the stress state, o, is reached.

As we have pointed cut above, a specimen may be considered to be
made up of many fibers. Each of these fibers can be considered to have

its own probability of withstanding a load, but the probability for the entire.

specimen will be the result of considering the individual probabilities of
all the fibers. For example, if we bcnd a specimen, one-half of the fibers
in the gage section will be in tension, and the remaining fibers wili be in
compression. Weibull has assumed that fibcrs in compression have a zero
probability of fracture (that they wil! not break under compression). As

a result, these compression fibers do not contribute to the probability for

the entire specimen. Therefore, an entire half of the specimen is neglected

in Weibull"s considerstion of the probability of a specimen's withstanding
a bending load. The important point here is that, in considering the proba-
bility of a specimen's withstanuing a load, every fiber must be considered.

_ Using this concept, Equation (37) defining the fracture strength of a
body can be rewritten in the form:

Q

where B is defined as the "risk'" of fracture of the entire body, and B is a
function of the probability of fracture of the entire body, and hence, at the
same time, a function of the probability of fracture at every point in the
body. The risk of fracture, B, is a logarithmic function of the probability
of fracture, S, of the body; that is, '

B=-log(l~S) . : (39)
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Weibull propcses that the risk of fracture, B, is related to the volume of
a body, V, and the stress state, o, by the relation:
B = | nle)dv . . (40)

v

The function n{o) is the material function. He alsc assumes that the
material function may take the form ' '

) om @

where X is a constant and m is a constant designated as the material
constant. '

Tne risk of f"aC\*Lre, B, of the entire body, in turn, may be defined
‘in terms of B', the risk of fracture at a particular point in the body; that
iS', v . .

B= | B'dv . ' (42)
V.
In principle, B' represents the total risk of fracture's orcurrmg at a point

in a body subjccted to stress. Since n probability of fracture exists for
every plane through a point on which the normal stress is tenexle, the total

* probability of fracture, B', at a point must ccensider the probability associ-

ated with every plane on whxch the normal stress is tensile. Then B' can
be shown to be of the form

B' = Jr::l (o) cosgpd¢dy , ' (43)

- where ¢ and ¢ are defined in Figure 2 of WADC Technical Report No. 52-67.

Then Equations (43), (42) and (38) can be used to determine the
fracture strength of a body under any state of stress,
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The Effects of Size and Stress State on Strength

It can be seen from the above discussion that the strength of a body
in the concept of Weibull's theory is the composite result of the stress
state at every polnt in a body, as well as of the gross size of th e ‘body.

When the concepts outlincd above are combined with this definition

of strength, Equaticn {38), the following fracture strengths are obtained
for the following simple stress states:

Tension (For any cross section):

m :
Gd = - l ? (44)
[Kvi™ |

where:

oq = fracture strength in ternsion,

K = a constant,

V = volume of the gage section,

m = a constant depending on the material,

ad
-zm ) ‘
Iin = e © dZ, a constant uepending on the value of m.

Bending {Rectangular cross section):

Im
°p = T 1 ’ (‘35)

KV t'm
2m + 2 '

where o, = fracture strength in pure bending.
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Torsion (Circular cross sectionj:

o

_ [em g,

o —

where:

op = fracture strength in torsion,;
r p 2 maximum shear strecs in the gage section,

r .
B = 2L Ipa'd,, ,
o

where:

= length of the gage section,
r = radius of the gage section,

n/2 . /2

B'= Zklr;“ cos?M t ly4y r sinM2ydy |,
¢) o
p = radius to the point where B' is evaluated,

and where:

k) = a'constant.

It can be seen from Equations (44), (45), and (46) that the strengths
of tension, bending, and torsion specimens are functions of the volume of
the specimen. In theory, every point in a body at which there is a proba-

" bility of fracture, regardless of how small; should be considered as
contributing to the fracture characteristics of the entire body. This means
that the volume associated with all of these points should be used. In this
study, however, only the points in the gage section have been considered
and, hence, the volume used in these expressions for strengths has been
the volume of the gage section. This simplification seemed ,ustified in

the light of the relatively small probability of fracture's occurring at points
outside the gage seciion. This simplification was substantiated by the size-
effect tests on Hydrost'one 1n tension, bending, and torsion, in which the
great majority of the specimens fractured in ihe gagc section,
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it cme ceen now, if we apply Equation (44) to two similar tension
: 2iferent sizes but of the same material, that the volume, V,
fectnr that changes.” .ot us compare, for exarnple, the No. 1~
. g-zize alternate tennion specimens. From Equation (44),
the fracture strengths of the two specimens becomes:
i .
Tm
n(il vd4 gy
UL R I ’ (47)
- %4 dl
where;
oq1 = strength of No. 1~size tension specimen,
944 = strength of No. 4-size tension specimun,
Vgqi = volumve of No. 1- size tension specimen, 3
V-i‘i = velrmme of No, 4-siz¢ tension spec;men. -
[ 4
If we compare the No. 1- and the No. 5-size alternate oend speci-
mens, the ratic of the fracture strengths from Equation (45) becomes: 2
3
i 3
m 3
Ob Vhlj 3
- > , (48)
: 7b5 bl 3
3
where: 3
ayy = streegth of No. l-size beod specimen,
9hs = strength of No. S-size hund specimen, -‘
Vpy = volumne of No. l-size hend specimen, 2
Visg = volame of No., S-size bend specimen. F
. |5
Although it is not immediately obvious from Equation (46), the same 4
forrs of eguation zaun be derived for the No. 1- and the No. 5-size torsion L E
specimens; that is: ' | i £
: 3
- l }
°T] Vs ;
i 'a“'"" = """v s ’ . (49) v
s | V1l i I
o
where: i F
op) = strength of No. l1~size torsion specimen, E
. opg = strengin of No. 5-size torsion specimen, B
VTR = wolume of No, l-size torsion specimen, § ~
Vs = volwme of No. 5-size torsion specimen, ) 2
i
;

-
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The values of the materiai constant, m, in Table 12 of this report

were obtained from Zquations (47), (48), and (49). . y . )

'I‘hr.' bend daia reported 1n [abie 4 of WADC Technical Report

No. 52-67 also were analyzed to deterraine the material constant, m,

foir Hydrostoue pilaster. An average vuiue of m = 12 was determined from

these data. This determination was accomplished by use of the curves in

Figure 32, where each point represents the mean of a serics of tests.
Equation (48) of this report was used in these determinations.

. The vz_ﬂa.‘.cs of m determined from size-effect data and reported in
Table 12 indicate that, for Hydrostone plaster, m has a value of the order
of 12 to 14. When a value of m = i2 is used, it can be shown that, for

Hydrostone, the ratio of the strength of a tension specimen to that of a

torsion specimen becomes:

)
(¢4 v . .
e [ve [P (50)
o l_xo vy

Similarly, the rati.. of the strength of a bend specimen to the strength of

a torsion specimen becomes;

— = | ——— . (51)
Also, the ratio of the strength of a bend specimen to that of a tension
specimen of Hydrostone becomes:
L
o 26vy |1
b2 d : (52)

Equations (50) and (51) were used in calculating the predicted
strengths reported in Table 16 of this report, :

Effects of Stress Sta(c. and Size on the Standard
Deviation of the Strength

It has been pointed out that the mean strength, o, of a set of speci~
mens has been defined by Weikull a» equivalent to the first moment of the

distribution about e = 0. In general, the nth moment, up, of the distribu-

tion is defined by the integral
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: 1
Sy | | bg = |e"dS, . (53)
o

and, hence, the first moment, ”'s" becomes

L
S 1o TY NI/

By = adS'Sarﬁ.

I PR R

Q

Similarly, the nth moment, rar of the distribution about the mean o = °ﬁ
is definzd by the integral :

LY PR DS SR SR

R N i LI (54)

bt e ke de i Rt al

L

bk binibinl, g

From this definition, it can be shown that the square of the standard
deviation, a, is eguivalent to the second momenrt® of the distribution about

ISP 0 N Y
~

the mean, op,;that is:

;': V. ' al =‘J'12 = (.a - am)zds , ‘ » (5‘5)

o

T i 0 Ll N i KA e S8 el s e

‘ ‘where o is the strength of a particular specimen of the series (which may
. : , vary from one to irfinity), S is the probability of fracture corresponding to
‘o, and omis the vliimate strength of the series as defined by Equation (37).
Weibull points out that

—
st
()
[

b
b a?= | 4s%ds- |2apcds+ |o2ds5= 02dS - opf (56)

ol
©
©

and that

e R [ YL A R W R R SN S NPT I T

1
ja;df;xo R -» (57)
o

R s T g BN, L o Sy T2 e g m s -

TN T RIS R E R RO O S e AT ey




\‘.,i‘nllh'\«u.us‘,d TS B PN S S

et e b ki B B ¥ e b

* s . L o
T CIRY ¥ EWRCEREIPPS T R g

B —

° v——— .

ey

%

1

ety e

o B e et Bl o e e

[N

o2 6 AL B ki it S P e | B i S g £ o i B £ 45

FRN .’emf,.»;

Hi-11 - WADC TR 53-50

Hence, the squarc of the standard deviation can be defined as
a? = |e™Pd(ad) -0 2 (58)

wrare
. 1" : .
B = Jn(a)dv . . . (40)

v

If we let n(s) = kam; 1or a tension specimen with an ultimate strength, o4,
h

B= [n(e}cV = ko M(bL)d X = Vke™; (59)
v ~ -h

then

m ‘ :
a2 = [e” VKO d(e?) - (,dt! . (60)

I we let
we le Z

2 = (VIO (o2) , (61)

then

2
(VK] ™

m
2 1 -z2 2 | |
= J e dZ - Gd . (62)

o
Then the standard deviation, a4, in tension can be ditermined from

2 Im/z Z (03)
\

ad = - 0 ’
[Vk127m d

[ JIEE S ORI
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Substituting from Equation ($4)

a2 Im,/2 o 4 |
S [Im/z-lmz] .
[vk) /™

(64)

(65)

 Then for the No. l- and the No. 4-size tension specimens with volumes,

V41 and Va4,

[}

-

L
agy Vd4] /m
a4q V41 )

(66)

For the case of a specimen loaded in pure bending, it can be shown

that

Vko™ "~
2m+2 !

and, hence, that the standard deviation, ap, of the mcean bend strength,

Ubi is
kao_m
2m + 2 _
abZ = e d(af) _.,,bZ
o
Letting )
2/m
{_ Vi 2
L 2m + 2 o

(67)

‘68)‘,__

(69).

\ o
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and substituting from Equation (45),

2 1 oy
an = [Im/Z - ‘niz]

0. 3 7
. VR ¢/m
12m + 2

Then for the No. 1- and the No. 5-size bend specimens with volumes,

Vbl and Vbs,

(70)

. 1/m
by | Vbs

— (71)
aps Vb1 .

- In addition, it can bé shown that, for n{o) = ko™ and for m ~ 12 (for
Hydrostone plaster), for a torsicn specimen, '

0.112nk; Vs 12

- (72)

3=

Then the standard deviation, a, of the strength, a, of n sct of torsicn

specimens becomes;’

o0

0.112-x Vel
2 e T d(r?) - 0.2 (73)

T ’

where k| = DL Then it can be shown that, for m = 12,

I ’ '
2 6 __ 2
= — , - . 74
°T [0.100 ijl/" °T (7)

It can also be shown that, for Hydrostone plaster {m = 12),

.
op = 12 (75)

[0.100 vi]!/12
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Hence, af becomes

1
[0.100 vi]1/12

2 _ 1y
af = 16 - 112)

(76)

Then for the No. 1- and the No. 5-size tersion specimens with volumes,

VTi and VTS’

\ 1/12
a,)..l _ "T-5 ) /
ars VTl

Frcm Equations (65), \70), and (74\, it can be shown that, for
Hydrostone plaster, :

1/12

ayp Z.de
ag | Vp ’
1/12
ag Vr
ar T Tog ’
and
1712
2.6 vq

n

b )

(77)

(78)

(79)

~ {30)

Equations {78) and (79) were used to caiculate the theoretical stand-

ard deviations appearing in Table 17. It should he noted that Equations

(78), (79), and (80) and Equations (50), (51), and (52} lead to the followmg

3% 9%

Rl
and

r | ‘1

ag - "d‘

(81)

(82)
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Effect of Blaxial Stresses on Strength

It was pointed out that the fracture strength of a body is a functivn
of the stress state at every point in that body., It wa= alzg pointcd out
that the fracture YS‘La’engt‘n of a body can be defined in terms of B', the
risic of fracture at cach point in the body, and that B' can be of the form.

B' = || ny (o) cosddédy, : (43)

where o denotes the stress state at the point at which B' is to be evaluated.

If each point in a body is subjected to a system of bjaxial stresses, the

‘normal stress, o, in a particular direction may be defined in terms of the

principal stresses, o} and o3, by the relation
o = cosz‘ﬁ(al cosz',’l + o, sinzt,’l) . (83)
Furthermecere, if nl(a) is assumed to be of the form

nl(a) = ko™, | ' (84)

- then the risk of fracture, B', becomes

n/2 Vo,
it |
B' =2k J CosZrn t l<f>d<}5 (al CQSZS/’ + 0.2 Si_nzl,//)md!,b. {85)

If the ratio of the principal stresscs is defined as

o2 2

——

. |

(86)
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then Equation (85) becomes

n/2 . N

B' =2kyo;™ cos?™ *t logg (cos®y + c?sin?y)™Mav. (87)

g
-l
o A ¥o

I o) and ay Bre both tensile stresses,

n/2 _ /2

B' =4kyo, " | cos?™tlads | (cos®y v cZsinfy)May. (88)

o o

If one of the principal stresses is negative or compressive,

7]

-02 °

tan v, = (89)

It can be seen that B' cannot be evaluated from (72) or (73) for a
state of biaxial stress until the value of the material constant, m, is
known for the material. Qnce B' has been determined, then the fracture

strength of a2 body can be determined from Equations {22) and (26).

It is important to note here that B' is a furn~tion of ¢, and o) and, as
“anch, may vary from point to point in a body as the principal stresses
vary. For this reason, the functional relation betweea B' and the principal
stresses must be considered in the evaluaticn of the risk cf rupture, B,
of the entire body and, hence, in ihc evaluation of the fracture strength.

If we consider the case of a body of 2 volume, V, which is subjected
to a uniform biiixial'strcss such that the principal stresses are constant
throughout the bo.ly, then the total risk of rmpiure, B, becomes

B=|B'dVv=B'V, - (90) K
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?

e P Vao . (91)

Table 27 contdains values for Hydrostone plaster of B and nm'deter-
mined for various pri.ucipal stress ratios where the volume, V, of the’
material is assumed to be uniformly stressed.

-Effect of Eccentricity on Tension Strength

According to the concept of Weibull' s theory, the tension strength,
ogq) of a body may be defined as:

-B ’ . '
ag = r e dda » (9&)

0

where:

Bg :f n(o)dv , (93)

n(C’) - kam » | (A‘l)

Now let us consider a body of rectangular cross section, loaded
eéccentrically in tension as shown in Figure 33. Here, the eccentricity, e,
of the load causes the nonuniformity of tensile stress on the gage section
shown in Figure 33(c). It can be seen from Figure 33(c), that the resuiting
stress in the gage section (of iength, I.j is the sum of a uniform tension
stress, o4, and a pending stress. Then, for this state of stress, it can
be shown that the stress, v, at any distance, x, from the neutral axis can

be expressed as:

Jex | (94)
hu
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TABLE 27. RISK3 QF FRACTURE AND FRACTURE
STRENGTHS FOR HYDRCSTONE PLASTER
SUBJECTED TO BIAXIAL STRESSES
P'rinci'pal Stress Ratio, Risk of Rupture, Fracture Strength,
"2/"1 : ' B Im
12 , I
1 k
0. 4967k Vo, (0. 4967%,v] 1712
: I
12
0.8 0.1875rk, Vo, 12 713
[0.18757k}V]
| iy
2/3 0.147:k;Vo 12 -
i [0. 147nk,v] /12
' ‘12
1/2 0.118rk Vo, 12 : -
/ 1771 [0. 118k, v] 1/12
| 1
1/3 6.0972xk Vo, 12 L2 171z
o [0.0972nk V] 1/
, -
0 0.0600nk Vo, 12 S 1 713
: s [0.0800rk)V]
112
-1/3 0.0688nk Vay 12 4 '
ARt [0.0688nk V] 1/12
/ 12 1?2
-1/2 0.06487k, Vo, 1% -2
| T [0.06484%,v] /12
: 1
12
-1 0. 0559, .;Vo 12
1t [0.0559,% ] 1/ 12
Iy
-2 0.0448rk; Vo 12 2 71z
[0.0448rk V]
1
-3 0.0363rk; Vo, 12 Lz 73
[0.0363rk,V]
1 |
-4 0.02937k Voy )2 12
_ [0.02737kyv] 1/ 12
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Then, the risk of fracture, B, 4, in bending plus tension becomes:

Bg= [ n(a)av, B CLY
- V v
whgre
n(e) =ka™ . | (41)
Then
- m Jex \™
R(O) = kad l 4- > (96)
: - hé . _
and
dv=bldx .
Then
h N m
n @€eXxX .
Bpg = blke ™ / (1 + 2) dx . (97)
h \ B ' .

Then (97) can be written:

o /-1 +-3£€
Bhlkoy
B, 3 T = zMdz |,
bd e J (98)
1- 3¢
h
Fer V a ZbhL,
5 :tham 1+_3~e‘)m+1 1_}£)m+l .
bd " Ee(m + 1) h | h (99)
Equation (99) can be rewritten as;
Bpg = Vkeg ™S, (100)
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where

For pure tension, the risk of fracture, By, similarly can be shown to be;

Bg =kVogi (102)

Then the ratio of the risks of fracture, Bpgy and By, becomes:

B a ™S . :

It can be seen from EQuatiéﬁ (103) that the v=lue of Bpg/Bq will de-
pend on the magnitude of oG and gq'. It is very important to note at this

“point that, if we are to calculate the fracture strengths in bendirg plus -

tension and in tensmn, we must set up the risks of fracture in terms of the
desired stresses. By is desired in terms of the maximum stress, op,,

in the cross section; then:

%hd

=7 (104)
(l + -3-9) v
Then
B vks, |—d |7 |
bd = VESm T 3e . (105)
+ 2=
h
The ultimate strength, opq, in bending plus tansi:on then becomes:
; , m
o ™ o VKSyl— bd
1+ 3¢
- Byd Y
vpe = | © dopg = | ¢ = dogg, (100
J
0 0
and for :
oo -zm
In = e dz ,
0
(1+ 3") 1
“ba = . (107)
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Similarly, the strength in tension is:

w ~ By [m —Vkud'm
oqr= ¢ d-'ql = j ) e dnd, H
0 0
: Im . o . '
O g1 T e—— . ‘ - 108
= T /m _ | (108)

L™
" Then the ratio of the strength of a specimen loaded eccentrically in tension,

opqe to the strength of 2 similar specimen loaded uniformly in tension,
oqt» according to Weibull's theory, becomes: '

where

.opq = {racture strength ¢f a rectangular specimen subjected to
combined bending and tension, psi, -

og' = fracture strength of a specimen subjected o pure tension,
psi,

e = eccentricity of load, inchesg,
h = half the width of the spccimen, inches,

Vg = velume of the gage-section of the specimen loaded in com-
bined bending and tension, cubic inches,

Vg4+ = volume of the gage section uf the spezcimen loaded in pure

tension,
m = material constant from Weibull's theory,
or
r ____rzrl m 3(%5) o
P -l 1 :
Sm* > oIl ers D! C | (101)
r=z0 : .

For Hydrostone plaster (m = 12) and for Vpq = Vg,

1+ 3¢
o bd h
b\ n) (110)

714 1
d' 54,

- A e e e e

ohd 3e vg /m .
— =11+ T Vs ) ‘ (105)
I ! bd Sm |
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APPENDIX IV

BASIC TEST DATA FROM COMBINED-STRESS TESTS

. This appendix has been attached in order to present all the raw data
taken in the combined-stress tests on plaster, the results of which are
discussed in this report, '
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TABLE 29, BASIC ELASTIC AND_FR.ACTURE
HYDROSTONE PLASTER SUBJECTED
T Mndulm Ao Cio, doio . 910, riacture Frecivre Sl{rsx;iz-)_ul_

Aho € 20 Pteaire, 094

i F{h_u’,.!ﬂf{)lﬁj

“) poi dv ”,,m,,n of symbn!s, §ef toxt, "(umhlucd -Stress Tests on Plaster”,

(2) Al sprr!mrnl were loaded o glve » major principal strain rate (¢},;) of 0; 0027 in, /tn. /minute,

(1) Ratio was ulcu!..u'd ustng prtllmemal stiains,

(4) A sheortical caleulation for Speclinen 9.were made uting E = 2, 40,

(1 T hision present in fractuie wriace of specimen,

() Bubhiz preseny (n fractute surfuce of specinen,

s g

TR TR R

e

O NP A LTI M 8T G S T g e

Spee e Poluson's  of Elasilclty, A4, ¢ io %10 o1t
Hor, Ratio 100 gt 108 psi 105 par 105 st 105 put s (209
HOP-4 .- 248 273 9.42  9.23 175 525 1050 1225
CHokh h243 2.4l 2,57 282 9.34  9.65 117 3700 740 860
WeAsh o 0.25E .40 2.57 2,76  9.68  u.92 177 540 1080  125%
Wop 7 0,266 2,41 2,53  2.72  .8.73 10,13 137 5268 840 080
HOR-H 0,208 2,48 248 276 650 3,44 163, 455 990 1155
oo™ 0,218 1,60 .13 2.7142 620 . 9 41 118 3808} 160 8715
HOR-11 0,904 2.4H 2.48  2.81  9.09 - 9.32 144 445 890 3033
Hob-i2 0,238 2 49 2.29  2.54  8.9° 950 133 420 &40 970
HOR- 1 .- .s -- - -- -- 175 550 1100 . 1270
Hor 1a 0,940 2,42 . 2.97  2.64 8.43 9.6 126 3958 190 a1
o1 - 0,221 2.42 2.57  2.13 8,92  9.20 120 385 790 915
qoP-16 0,263 2.40 2,19 2,76  9.38°  10.13 139 450 900 1040
o110 248 2.43 -~ - -" " - = " -
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IV-3 znd IV-4 WADC TR 53-50
DATA FROM BIAXIAL 3PECIMENS OF
TO PRESSURE LOADING(!
: Fracture Strains, in, /i, <10 " ' Cspezimen Relative
o 20(3) Transvelse ' Lopgiteding; Drnensions, ing Temperature, F Humidity,
1o U P g0 Avg ey g e A Do Dy Dry Bulbk Wel Buid o
0,49 - 399 ‘-- == -~ 116 -  -- 3507 3,031 119 67,0~ 96

L502 3,034 .-
503 3,037 18,0
.503 3,043 71,8
.503 3,037 12,0
.502 4,054 8,8
502 2,044 80,2

0.495 == == 307 ==+ =+ == ©°a - 3

0.475 -~ == 443 == == == 110 -- 3

0,487 == -=- 351 == == == 89 -- 3

0,444 380 421 414 405 104 111 193  1%E 3

0.476 455 372 -- 414 123 94 - 192 3

0.470 376 341 347 354 93 91 93 i 3

0.467 373 390 328 364 96 98 87 34 3,502 3,050 78,0

.- . e e s T 3,502 3,048 69,3
3,502 3.048 15,0
3,503 3.069 75,0
3.503 3,059 76,0
3

0,564 221 2=3 291 259 102 84 101 5
0,477 333 327 281 314 85 91 871  #¢2
0,521 366 282 326 324 91 104 - 92 35

70,0 67
67,0 57
65.0 68
67,1 53
7.8 65
66.4 54
59,7 57
64,0 53
64.3 55
66.0 58
67,0 58

.503 3,047 7.0
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